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An attempt has been made to investigate the inter- 
action of proteins with aliiminium ions. The experiments have 
been performed to study two aspects namely: 

(i) hydrolysis of alumonium, and 
(ii) aluminium-protein interaction. 

Hydrolysis of aluminium sulphate leads to early precipitate 
formation and precipitation is almost complete at pH 4.5. 
Constitution of precipitate was found to be Al(OH)^ ASO.)^ 
upto pH 4.5, and it gradually varied to Al(OH)j with increase 
in pH. Increase in SO^ ion concentration in the solution 
has no effect on hydrolysis equilibrium. Similarly, change 
in ionic medium did not affect the aluminium hydrolysis . 

In the aluminium-protein interaction experiments, 
two proteins were used; (l) Bovine Serum Albumin, and (2) 
Casein. Casein showed greater binding of aluminium ions 
in comparison to bovine serum albumin. The amount of 
aluminium bound to casein molecules remained constant upto 
,pH 8.0, whereas in case of bovine seium albumin it reduced 
with the increase in pH value. Presence of oalciimi 
increased the amount of proteins precipitated. This was* 
true in case of casein, but calcium did not have any effect 
on precipitation of albumin. Diprotic acids like oxalic 



acid aad malic acid reduced the amount of aluminium bound 
to bovine serum albumin and showed marginal effect in case 
of aluminium binding on casein. 



CHAPTEE I 


lETEODUGTIOF 

In Yiew of the need for better and reliable water 
quality control and the necessity of wastewater reuse, there 
has been a continuous interest in physico-chemical processes 
for wastewater treatment. Several authors have recently 
reported new summaries on pilot plant studies and recommended 
strongly direct physico-chemical treatments, as an alternative 
to the biological tertiary process scheme , with complete 
elimination of biotreatments (Weber, 1970| Kreissl et al . , 
1972; Kreissl et. , 1973). The advantage of P-C processes 
IS their easy and reliable controllability, insensitivity to 
transients, and to toxicants. 

Physico-chemical processes incorporate, in general, 
following unit operations, 

(1) Chemical flocculation and clarification, 

(2) Piltration, and 

(3) Adsorption tnrough activated carbon column. 

The above mentioned, as well as other studies 

reported in recent years on direct P-C treatments, contribute 
to the advantage of P-0 processes b^t lack in detaile(J 
information pertaining to the removal of specific organics 
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and inorganics associated with the above mentioned unit 
operations. This happens to be due to the characteristics 
of wastewater used for the investigation. The studies wore 
done with very weak wastewaters, and therefore from efficiency 
point of view result of organics wore reported in terms of 
general parameters such as TOC, COD, and BOD. Wastewater 
characteristics are dependent on economic, as well as social 
background. In developing countries because of lower per 
capita water consumption the wastewaters are much stronger 
in character. Rebhun and Streit (1974) investigated direct 
physico-chemical treatment of strong raw wastewaters. They 
found out that not only the suspended and most colloidal 
fraction of the organic compounds were efficiently removed, 
but considerable fraction of the ’solubles’ was also removed, 
particularly of the proteins by chemical flocculation and 
clarification of raw wastewaters. In the opinion of above 
authors, the affected ’solubles’ were probably high molecular 
weight substances or macromolecules behaving as hydrophd-lic 
colloids and were removed by chemical reaction, adsorption, 
and flocculation. In the above mentioned investigation, 
chemicals used in carrying out chemical flocculation wore , 
ferric chloride and calcium hydroxide. Use of alTna for 
coagulation and flocculation of wastewaters is not uncommon. 
Ulmgreen (1974) has reported the use of alum in numerous 
wastewater treatment plants in Sweden. 
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Precipitation, duo to addition of triyalent 
cations like aluminium, of macromolccules like proteins in 
chemical flocculation imits needs a greater attention. If 
it IS possible to aggregate the macromolecules in the very 
first unit operation of P-C processes, then the loading of 
solubles on polishing units like adsorption columns will be 
automatically maintained at minimum possible level. Phis 
IS important from economy point of view, as adsorption 
columns with the use of activated carbon involve considerable 
investment in comparison to the cost of chemicals used. 

Study of interaction of mscromolecules with metal ions may 
provide a potential insight to the multiple benefits gained 
with the use of coagulants like alum, ferric chloride etc. 

Macromolecules belong to the realm of Colloid 
Science. Interaction of macromolccules like proteins with 
metal ions will be very well understood, with the concept of 
their stability in the solutions. Hardly any data is 
available pertaining to interaction of organic colloids with 
metal ions like aluminium, in comparison to inorganic 
colloids* 

Phe present v^rork was undertaken to delineabe tho 
basic mechanism involved in tho precipitation or aggregation 
of macromolecules like proteins by chemical coagulation. 


f 
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Various parameters, believed to affect the process were also 
evaluated. It is believed that the information obtained 
from this investigation, will contribute to basic knowledge 
regarding precipitation of proteins from wastewaters by 
chemical coagulation and flocculation. 
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CHAPTER II 

LITERATURE SURVEY 


2 . 1 Proteins 

2.1.1 Chemical Composition and Structure; 

The proteins are characterised hy containing main 
chains , built up from the structural unit 

t 

- C - CO 

Here and E^ in the simple cases are H-atoms only, but 
tney may be extended to complicated groups, which a,re 
referred to as side chains. All these proteins can bo 
broken down by hydrolysis to yield organic molecules, all 
of which are amino acids. These amino acids, furthermore 
all have the structure 

H 0 
S t 

H^R - C - G - OH 
E 

i,e. they are o<. -amino acids, the name signifies that the 
HHg attached to the carbon atom adQacent to the 

acid function. The sei>c -amino acids are distinguished 
by different E groups. 
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In structural studies it is customary to distin- 
guish between fibrous and globular proteins . The fibrous 
proteins tend to occur as long chains, and are found in 
structural tissues such as wool, muscle etc. The globular 
proteins, on the other hand tend to be more or less spherical 
and, unlike the fibrous proteins, arc often water soluble. 

The basic clement of protein structure are 
essentially polypeptide chains . The structure of proteins 
can be examined at four different levels; the primary, 
secondary, tertiary and quarternary structure. The primary 
structure is the sequence of the amino acid residues in the 
polypeptide chains. The secondary structure refers to the 
way in which polypeptide chain is coiled as a sequence of 
the links and bonds between relatively close elements of 
the chain. The tertiary structure describes how the more 
or less coiled polypeptide chain are arranged in space, 
folded or packed into the protein molecule by side chain 
interaction, and cross-linked by disulphide bridge. The 
quaternary structure has been introduced in order to account 
for the level of organization in which complex molecules 
are formed by association of macromole cular ■units. 

The side chains ’E’ on amino acids are the ca'use 

of amphoteric behaviour of proteins. Soluble protein 

/ 

molecules are foimd in highly hydrated state. The charge 
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and solvated water layer constitute to stability of protein 
molecules in solution. Ihe charge on protein molecules, 
^thus depends on the degree of ionization of polar groups on 
the side chains. 

2.2 Interaccion of Cations with* Proteins 

Interaction of proteins with inorganic cations 
play a significant role , in deciding their stability in 
solution. Joly, and Barbu (1950) observed aggregation of 
Hoarse Scrum Albiimin in the presence of aluminium chloride 
at room temperature, They found out that these aggregates 
do not precipitate but remain in suspension; The concen- 
tration of aluminium was of the order of 4x10"'^ M. Hon 
settling nature of aggregates indicate the presence of 
considerable amount of bound water. Salahuddin, and Malik 
(1964) sludiod the interaction between aluminium and 
gelatin. They concluded that the carboxylic groups of the 
proteins made themselves available for combination with 
metal ions. Salahuddin (1965) has observed that aluminium 
ions react with casein molecules botv/een pH values 3 to 
6.5. Most probable site of interaction seems to be 
carboxylic group on the casein molecule . Similar was the 
observation of Salahuddin and Malik (1962), while inves- 
tigating the interaction between alumina solutions and 
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gelatin, in a narrow pH rai'^e from 3*7 to 5. This shoves 
that liiteraction of aluminium with different proteins is 
probably limited to the carboxyl group only. 

Ho quantitative data seoms to be available on 
aluminium interaction with proteins, resulting into 
aggregation of protein molecules from the solution. 
Considerable work has been done regarding interaction of 
aluminium ions with virus proteins, lal, and Ebba lund 
(1974), precipitated virus with the use of aluminium 
sulphate . They observed good recovery of viruses in 
precipitate. The precipitation was followed by eluation 
with the help of phosphate buffer. But even after phosphate 
buffer treatment, aluminium precipitate still contained an 
important amount of virus. Virus strain used in above 
experimentation was Ooxsackie B ^ . Chaudhuri (1969) studied 
the kinetics of adsorption of aluminium on bacteriophages . 

In case of Bacteriophage MS2, amount of aliuninium adsorbed 
remained almost constant, and was found to be independent 
of pH. But the amount of aluminium adsorbed on Bacteriophage 
decreased with the pH. He has concluded that inter- 
action between aluminium and virus coat proteins result 
possibly in the formation of co-ordination complex between 
a luminium and carboxyl group of virus protein. Adsorption 
of aluminium on Bacteriophage follows langmuir 
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adsorption equation in the aboYe mentioned invostigation. 

This leads to the conclusion that all sites on the virus 
coat protein are energetically similar, and therefore 
aluminium forms only one typo of co-ordination complex 
at the interface. The amount of altiminium adsorbed i.i 
case of virus is almost equivalent to number of carboxylic 
groups on the vi 2 ?us protein coat. This suggest the poss- 
ibility that only one type of complex exists in tho pH range 
5-9. Aluminium ions show considerably different hydrolysis 
products in tho pH range 5-9* Therefore aluminium coordi- 
nation complex at the interface must be stable than Al(OH)~ 
species normally -Pound at high pH values. This may suggest 
that aluminium ion may be forming co -ordination complex 
with more than one carboxyl group on the protein coat. 

But observation indicates that number of aluminium ions .are 
almost equal to number of carboxyl groups. Adsorption is 
found to be instantaneous reaction. This indicates that 
the mechanism of aluminium binding to protein coat seems to 
be quite complicated one. 

At higher pH values, the interaction be-twoen 
proteins and cQ-uminium seems to be different , thru that at 
low pH values. Hydrophobic colloids also show instanta- 
neous adsorption of polynuclear bydroxo complexes of 
altjmnium, but normally concentration of alum added is 
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quite high. It is necessary to catagories properties of 
difforOi.it functional groups present on protein noleculos 
and their interaction with metal ions like nluniniun. 

This may provide a better understanding of intera-ction 
between metal ions and macromoleculos like protein. 

2.3 Prone rtios of Functional Groups 

The marked difference in the coagulative response 
of carboxyl, sulphate, and phosphate colloids towards a 
given multivalent cation and the different sequ^^nco of 
cations , will regard to the relative position of their 
critical concentration for ooch typo of colloids is oxpla.in- 
able if one considers the great variation in the affinity 
of inorganic cations towards the different functional groups . 
Por exanplc , 10 to 100 tines smaller concentration of Pb, 

Od, Ca, and Zn are needed for coagulation of phosphate 
colloids than for coagulation of carboxylic colloids 
(Buneoiibcrg De Jong, 1949). laMer and Smellie (1956) foxmd 
out thcat potato starch, which contains phosphoryl mono- 
east er, is a most effective coagulant for colloidal ore 
dispersion, whereas corn starch which contains no phosphate 
eastor is ineffective. By using distilled water, it was 
further shown that flocculation of potato starch was 
possible only when cations that farm insoluble phosphates 



11 


were present. V/ettstein ^ (1961) studied complex 

formation equilibrium of crossed linked starch phosphates 

with various cations . An increase in complexing tendency 

3+ 

was observed in the following order K <. Ca < Zn < le . 

Irom the above observations it can be concluded 
that the interaction of inorganic cations with macromole - 
cular colloids like carbohydrates, proteins will be 
controlled by the functional groups on the subsequent 
molecules . 

2.4 Complexes of Alumini'um 

The chemical co-ordination of polyvalent metal 
ions to the ionised groups of hydrophilic colloids is of 
considerable significance in flocculation reaction between 
coagulant motal ions and hydrophilic colloids. Al(III) 
has strong tendency to form soluble and insoluble complexes 
with hydroxide ions. Because complex formation in solution 
consists of replacement of water molecules in solvated 
shell of the free metal ion by other ligands (B^j^rrum et al. . 
1958), it should be recognised that 0H“ ion is simply one 
among many ligands which might react with metal ion. 

Complex formation occurs not only with OH" ions but with 
other bases (Sillen, Martell, 1972 j Lacroix, 1948). 
Aluminium foims complexes with substances carrying 
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carboxylic or hydroxyl functional groups , as well as 
inorganic phosphates (Hsu, 1968), and to minor extent 
sulphates and chlorides (Hsu, Bates, 1964). Stumm, and 
Morgan (1962) performed alkalimetric titrations with alu- 
minium ions in the presence of phosphates, pyrophosphates, 
salicylate, and oxalate ions, results indicate that these 
ions form both soluble complexes and insoluble precipitates 
with aluminium ions . This complexing tendency of aluminium 
ions towards different bases exhibits its potentiality in 
coagulating hydrophobic as well as hydrophilic colloids 
from water and wastewaters, perhaps this may be the reason 
for its utility in most of tho water and wastewater 
treatment plants. 
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CHAPTER III 

THEORY 


Stability constants of a few polynuclear halides, 
polyacids > and. other hydroxo complexes were reported at the 
beginning of the twentieth century (Sherril, 1907). More 
work was done m this field by Pyrtz (1931) some twenty 
years later, but a further gap of twenty years ensued before 
rigorous, quantitative studies of polynuclear complexes 

became more common. Chemists have tended to neglect 
the fomaation of polynuclear complexes and to study simpler 
mononuclear equilibria. When it was proved impossible to 
interpret some particular system solely, in terms of 
mononuclear species, the existance of one or two polynuclear 
species has often been postulated in an arbitraiy fashion 
(Alirland, et.al., 19545 Sillen, 1954). Consequently, both 
the identification of these species and the reported values 
of the stability constants are usually unreliable . Although 
it is possible to interpret some polynuclear equilibria 
rigorously in terms of the existence of only a few complexes, 
in many cases it is necessary to postulate the existence 
of a series of complexes. 

In the present investigation, system under study, 

34 - —— — * 

consisted of A1 -SO^ -OH -HgO. Infonaation regarding 
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distribution of polynuclear complexes and their stability- 
constants can be found out by using the following rigorous 
mathomatical procedure . 


3 • 1 G-eneral Aunroach 


Eeaction between metal ion and ligand can be 
expressed in a generalised form m the following manner, 

qB + pA ApB^ (1) 


where, P - Symbolizes metal ion, and 
A - ligand . 

Let free concentration of A = a, and that of B = b and 

concentration of A B„ = C 

PI qp 


. * . Equilibrium constant B 


A B„ 

p q 



( 2 ) 

(2a) 


In particular, hydrolysis reaction can be written in a 
similar fashion, 

4B + pHgO -Si B^(0H)p + pH'^ (3) 


The above equations can be 'conveniently expressed 


in tern^ of hydrolysis’ constants 
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X 


qp 


B (OH) hP 
^ ^ 


B . KwP 
<1P 


Kw = LOH"i) 


(4) 


= dissociation constant 
h = equilibrium hydrogen ion concentration. 

where 'B ' is defined by equation (2), with hydroxyl ion 
as a ligand. The total concentration of central group or 
metal ion and ligand respectiwely are given by 


B 


Q 

T 


£ <l(B A ) 

0 ^ P 


Q P 
1 0 


q.C 


IP 


(5a) 


5. P 

and A = a + p(B A ) 

T 1 ^ P 


Q 

z 

1 


p 

> 

V 


p.C 


qp 


(5b) 


where P and Q are maximum values of p and q respectively. 

Por simplicity in analysis , following assumptions 
can be made ; 

i) Polymerization of A, i.e. OH”, and competetive complex 
formation (e.g. with protons i.e. H"^ ions) are ignored, 
ii) S0~ ions do not compete with OH” ions, while forming 
complex with metal ions. 

It IS convenient to define two secondary concentration 
variables in the same way as for mononuclear systems. 
Combining equations (5a, b), the average number of ligands 
bound to contral group is 
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Q 1 Q. 5- 

^ P-Gqp / ^ ^ 


(6) 


and rGaj?rangii]g equation (5a) , the ratio of total to free 
metal ion concentration is 




o 


B 

b 


Q 

z 


z. 

0 


q.B 


IP 




( 7 ) 


The polynuclear hydrolysis of metal ions is most convexiiently 
treated by expressing the average number of hydroxyl ions 

_'i 

bound to each metal ion as a polynomial in h , the equation 
(6) IS replaced by 


n = 


A - a _ h - H - Kw.h' 
B “ B 


Q P 

Z" 21 p.x .b'^h“^ 
1 1 gp 

^ Z1 ,b^h“^ 

1 0 


(8a) 


(Sb) 


where , h ~ equilibrium hydrogen ion concentration 
Kw - dissociation constant for water 
H - total analytical excess of hydrocen ion 
concentration, and x^^ and h replace and ’a’ respect- 
ively in subsequent equation. In generalised equation A is 

-.•1 

replaced by H and a by *h ' . The tQrdrocomplexes , instead 

of BA, are represented as (B H ). 

^ P tL ""P 
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If h < 1 0“^ 


the equabion (8a) is written as 


;; _ A - a _ h - H 

- B “ B 


(Sc) 


— —1 
In general, n and are functions not only of (h”" )but also 

of ’b’, and hcnco, of total metal ion concentration B. Both 
— —T -I 

n(h ) and ^^(h ) can be calculated directly by using 

equation (5a) and (5b), for a series of Talues of B, for 
those systems in which corresponding values of A, B, 'a, b 
can be measured, this has boon done, e.g. in potentiometric 
study of the hydrolysis of Uranium (Hiotanen, 1956), 

Iron (III) (Hedstrom, 1953), Indium (Becocki-Biodermann, 
1956). 

More often, however, it is possible to measure only 
A, B, a i.e., H, B, h"”^ from which n, but not can be 
calculated directly. 


3*2 O aloulation of Breo Concentration of Central Groups and 
ligand 

It is possible, however, to calculate b from data 
B, H, h without making any assumptions about the nature of 
complexes. It follows from equation (5a) and (51) 


(• 


J_) 

b=Const. 



) 

• a=soonst . 


( 9 ) 


which can bo expressed in Jacobian-functional notation as 
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-1 


( 10 ) 


Since any pair of B, H, n and b can be used as independent 
variables. Integration of equation (10) with B and H as 
independent variables gives the Hedstrom-McKay equation 
(Hedstrom, 1955? McKay, 1953). 

.-1 

1 

( 11 ) 


r H 


- log B 


a -O ~ B " 


log I 

S ( B^) .iA 

A JB 


and 


log 


h 


-1 

¥“ 


r B 

/ (■ 


iffi 

A 


) .dA) 

•B !H 


( 12 ) 


Hedstrom used equation (12 ) to calculate values of 
'h', the free hydrogen ion concentration from data B, H, b 
in the hydroxo-iron system, and showed that they were in 
good agreement, as compared to the measured ones. 

The calculation is more convenient by Sillcn's 
method (1961), which requires fewer data, B, H, h, and does 

not need an auxiliary plot. The form of equation (10) with 

_1 

B and Inh as independent variables is 


InB 


lnh“”^ B=C 




( 13 ) 


whence by combination of equations (6) and (?) 
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-n ^ r ““ ^ 

log pQ = log ^ 5 + ( — j d logh“ (14) 

for systems mononuclear at the lower limit of integration. 


3.3 AYera^e Composition of Oomnlex 

Values of n are usually less informatiYe in 
polynuclear systems than in mononuclear systems. However, 
if B, H, h and h are all krown, it is possible to calculate 
the quantity 

P-Xqp.'b^h"*’ / 

1 1 . . 

(15a' 

(lob: 

where, p and q are the average numbers per complex of ligand 

i 

and metal ion respectively. It is possible to calculate p 
and q separately without making any assumptions about the 
nature of complexes. The moan degree of condensation of all 
species containing B is given by Sillen (1961) 


¥ = 


h - H - Kw.h 
B - b 


-1 


Q B 

r £ 
^ 1 


E 

q 


1 



Q B 

r 2: 

1 0 


q.x .(b)^(h)“^ 

qp 

p.x^p. (b)^(h)'"^ 


B 

Q B 

HZ c 

1 0 


qp 


r 


( 16 ) 
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Combining equations (6), (15) j and (16) 


P = 


z: z p x_(b)^(h)-p 

1 1 


a? 


Q 1 
T. c 
1 0 




- b 


h - H 
Br - b 


(17a) 


Bn 


q = 


Br - b 
B - b 


(17b) 


Br - b 

Method for calculating r has boon derived by Sillen (1961). 
Biff erontiat ion of equation (16) and combination Tfith 
equations (5a), (5b), and (6) give 


d(Br) = 

Bdr + r dB 


= 

Bn d lnh“^ + B d Inb 

(18.) 

whence, d(lnb - r) 

= r d InB - n d Inh""' 


d(lnb - r) 

= r d InB - n d Inh”"* 

(19) 


and thus, 

( B r ^ - _ ( ‘BE ) 

B Inh”"^ B=const. h*’"'=const. 


which may be expressed in Jacobian-functional notation as 


j(lhB, r/lnh“'', n) = ^ 

^ o(inh n) 


1 


( 20 ) 
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whtirG , any pair of B, h , n, and r can Bo treated as 

independent variables. Integration of equation (20) gives, 

-1 

with h and B as independent variables 

^ = =^1 - l / ^ ( 21 ) 

Similarly, with n and B as independent variables, 

' h "”* . , -1 

r = r + I / (— ^toSk_) dSj ( 22 ) 

^ ^0 logB n ■ B 

when r is known, it is possible (Sillon, 1961) to calculvitu 
b by combiniiiig equations (19) > and (22), obtaining 
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3.4 Elimination of Mononuclear lerms 

A more reliable indication of the identities of 
polynuclear complexes may bo obtained if it is possible to 
eliminate the mononuclear terms from p, q, and other terms 
(Sillon, 1961). It IS convenient to break up a number of 
the primary'" and secondary concentra.tion Vfiriables into 
separate terms for each value of q(Ingri, 1959? Rossotti 
at ak. , 1956). Thus, ' 

Q 

B = Z" B^ = B. + B^, (24) 

1 ^ ‘ 
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wiicro 5 


and 


where 


and n, 


- concentration of metal ions in mononuclear 
form 

Br, - concentration of metal ions in polynuclear 
complex 

B - total metal ions added 


B, 






qb'lf. 


(25) 


IS a function of h . Similarly, 


Bn 


Bn 


1 


1 1 


= B 


^n^ + Bfp nT7 


(26a) 


P B„A. 


q q 


1 


q p 


b'l X px,.^h-P 

1 


q q 


1 


IS also a function of h . Moreover 


(26b) 


B? = f = 


^i7 


(27) 
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P 

where = y BA 

<1 <1 o' ^ P 

B 

= -3- 

q 


Comb ining e quab ions ( 6 ) , 


n 


= 

5 


(24), and (26a) 

Bn - B^n^ 

B - B| 

Q P 

Z 7 P ^qd 
2 1 

Q P 

^ q K b^h-P 
2 "O ^P 


(28) 


(29) 


where p and q are the average numbers of A and B, respect 
ively, in each polymer complex. Combining equations (24), 
and ( 27 ) , 


1 


r 


V' 



B - B. 


Br - B. 


(30) 


whence, by combination with equation (29), 


Bn - 

p ^ — 

Br - B., 


(31) 


when r has been determined, all terms required for the 
calculation of p^ and q^from equations (30) , and (31) will 
be known except B^ and n^ . However, in many polynuclear 
systems, the function n(logh“ )B is independent of B below 
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some Ixmiting value of B and can be assumed to be n-j (logh ) . 
Alternatively, it is possible to obtain n^ (logh"" ) by extra- 
polation (Sonesson, 1958 and I960). In general 

Iim n = n. 

B-»»0 ‘ 

— 

and it is usual to extrapolate the functions n(B)h 

If it appears from the calculated values of p and 
q that only two or three complexes are formed, normalized 
curves may be calculated (Sillen, 1956) on the assumption 
that certain species coexist. In this way it is possible to 
discover which species are probably present and to determine 
the relevant stability constants. 
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CHiPTER IV 

SCOPE 01 INVESTIGATION 


Irom the preceding discussion, it is evident that 
there is a great need to obtain more information on the 
interac bipn of Al(III) with soluble proteins which results 
in their precipitation. It is essential to know the para- 
meters, which control the segregation of protein molecules 
from solution, so as to understand the limitations involved 
pertaining to efficiency of chemical flocculation and clari- 
fication, a unit operation in physico-chemical processes of 
wastewater treatment. 

The precipitation of proteins in treatment plants, 
due to addition of alum, is till now a mere observation. 
Aluminium ions do not play a predominant role in living 
systems. Perhaps it may be the reason that hardly any data 
IS available regarding the interaction of Al(IIl) ions with 
soluble protein molecules, in comparison to ions IdJke 
copper, zinc, mercury etc. 

By reference to the observations, pertaining to 
Al-protein systems, protein precipitation or aggregation 
mechanism can be postulated as follows; 

(l) Chemical reaction takes place between Al(lII) ions 
and carboaylic groups on the protein molecule. This 
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may causa reduction in interpcxticle repulsion and 
cause aggregation of protein molecules. 

(2) Al(III) ions and its polynuclear hydroxo complexes 
may interact in similar way as they do with inorganic 
colloids, and thus causing flocculation of protein 
molecules. 

(3) Structural hreak up, causing unfolding of protein 
chain. These unfolded chains, hecause of interlocking 
may result in aggregation of protein molecules. 

Before in-vestigating about Al-protein interaction, 
it is essential to study A1 hydrolysis in detail. Equili- 
brium constants for Al(III) nydrolysis were foimd out from 
pure systems in which anions like S0^~ were not present . 
Detailed study of Al-SO^ hydrolysis would help in under- 
standing Al-protein interaction in a more precise manner. 
Therefore, tho present inTestigation was carried out in 
two phases; 

(I) Study of Al-SO^ hydrolysis at ionic strength - 0.01 M 
to find out; 

(i) distribution of hydrolytic species at different 
equilibrium pH values, 

( 11 ) kinetics of hydrolysis, 

(iii) effect of S0^~ ion on the equilibrium distri- 
bution of hydrolytic species, and 
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(iv) effect of lonxc nedium maintaxning ionxc strexigtr 
at 0.01 M on alumxnxum hydrolysis. 

(II) Study of Al-protexn xnteractxon to fxnd out; 

(i) cquxlxhrxum concent rat xon of soluble and aggro 
gated proteins at dxfferent Al(III) and protexn 
concentratxons , 

(xx) Icinetxcs, 

The effect of followxng Yarxables in protexn aggcv. 
gation by Al(III) wore also xnvcstxgated ; 

(xxx) pH^ 

(xy) biYalent catxons like calcium and magnesxum, and 
(y) diprotxc acxds Ixko oxalic, and malic acid. 
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GEAPTER V 

METHODS Am PROGEEURE 


5 . 1 Method s 

5.1.1 Determination of Al-uminiums 

A simple, rapid and sensitive method for deter- 
mining soluble aluminium concentration in the microgram range 
was required. The erichrome cyanine R method originally 
introduced by Knight (i960) and later modified by Shull and 
Guthan (196?) > and Ghaudhuri and Engelbrecht (1968) was used. 
Instead of erichrome cyanine R, solochrome cyanine R was used 
as suggested by Standard Methods (1971). The standard 
alinninium curve shown in Figure 1 , was used to determine the 
aluminium concentration in unknown samples. 

In the procedure 10 to 25 ml sample was used. This 
sample was first titrated to pH 4.0 with 13/50 sulphuric acid 
and one ml was added in excess. This was followed by the 
addition of one ml of ascorbic acid (0.19/100 ml) and 10 elI. 
of buffer solution (136 gm sodium acetate plus 40 ml of 
1 .0 M acetic acid and double distilled water to final volume 

I 

of one litre). Finally 5 ml of 0.05 percent solochrome 
cyanine R was adde^, mixed and immediately made up to a 
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voluime of 50 ml with double distilled water. The sample was 
mixed again and allovred to stand for 5 to 10 minutes. The 
absorbance was read against a suitable blank on spectro- 
photometer (Spectronic-20 5 Bausch and lomb, U.S.A.) using a 
wavelength of 535 iru-and a 1.5 cm light path. All readings 
were corrected for dilution due to added solutions. iPor 
plotting calibration curve, the procedure was repeated 
4 time to know the accuracy of method used. 

J 

5.1.2 Determination of Protein Concentration with Polin- 
Ciocalteu Eeagent: 

Principle; The method described below is that of hoviry 
e;t 8±. ( 1951 ). The final colour is result of, ( 1 ) biuret 
reaction of proteins with copper 10 ns in alkali, and ( 11 ) 
reduction of phosphomolybdic-phosphotungstic reagent by the 
tyrosino and tryptophan present in the treated protein. 

Ee agents; 

Eeagent A; 2 percent sodium carbonate (Ha^CO^) in 0,1 liT 
sodium hydroxide (UaOH). 

Eeagent B; 0.5 percent copper sulphate (CuS0^.5H20) in 
1 percent sodium or potassium tartarato . 

Eeagent C; Alkaline copper solution. 50 niL of reagent A 
was mixed with one ml of reagent B. It was 
discarded after one day. 
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Eoagont D; Diluted Dolin i^agent. Polin Ciocalteu reagent 

(given below) was diluted by adding equal volumes 
of reagent and doublo distilled water, 

Polin Ciocal.tou Reagent (1927) s 

Mixture, consisting of 100 gm of sodium tungstate 
(Ra2^’'^o0^ .2H2O) , 25 gm sodium molybdate (NagMoO^ . 211^0 ) , 700 ml 
of double distilled water, 50 ml of 85 percent phosphoric 
acid, and 100 ml concentrated hydrochloric acid, was 
refluxed gently for 10 hours. This was followed by addition 
of 1 50 gm of lithium sulphate , 50 ml of double distilled 
water, and few drops of bromine water. The above mixture v/as 
boiled without condenser for 15 minutes to remove excess 
bromine. After cooling it was diluted to one litre and 
filtered . Prepared reagent was stored in amber coloured 
bottle and away from light source. Standard curve for 
pro'tein are shown in Pigures 2 and 5 and were used to 
determine protein concentration in unknown sample, -using 
following procedure; 

To one ml solution consisting of 20 to 100-.<<gm of 
protein, 5 ml of reagent C was added. This was followed by 
vigorous mixing and was allowed to stand fer 10 minutes. 
■►Pinally 0,5 ml of reagent D was added with ipaediate mixing. 
After about 30 minutes, the absorbance was read against a 
suitable blank on spectrophotometer using a wavelength of 
660 mi^.and ,1,5 cm light, pat^i. 




FIG.2 PROTEIN STANDARD CURVE 
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.FIG. 3 STANDARD CURVE FOR PROTEIN AT LOW CONC. 
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If protein concentration was found to "bG loss than 
25 -ccgm por ml, one ml of protein solution was mixed with 
1 ml of an exactly double strength reagent C, and otherwise 
was treated as mentioned above. For the range 5 to 25 
of protein per ml of final volume it was desirable to read 
absoroanoe using wavelength of 750 m/. 

Interference : 

Heither colour nor interference with protein colour 
development has been observed with inorganic cations and 
anions. lowiy ^ (1951) observed no interference with 

( 1 percent ) , FaHO^ 

(1 percent). Lowry oj. (1951) concluded that inorganics 
may affect colour development due to decrease in alkalinity 
caused by them. 

/ 

5.2 Experimental Procedure 
5.2.1 Glassware and Waters 

f 

All glassware used in Aluminium Hydrolysis, and 
Aluminium Protein interaction experiments, were cleaned by 
soaking them in concentrated sulphuric acid followed by 
rinsing in tap water. Afterwards the glassware were washed 
with detergent solution (leepol, Surfactant Pvt. Ltd., 
Bombay) followed by rinsing in single and then in double 
distilled water. Glassware were dried in an oven. 


protein colour development with NogSO^ 
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Double distilled water wo.s used in the experimen- 
tation. Conductivity of double distilled Y\rator 5 on an 

'' 

average j Was 3 to 3 .5-^:>tsieinoiis/cm. 

5.2.2 Study of Aluminium Hydrolysis 

5.2.2,. 1 Kinetics of hydrolysis 

Reaction mixture was obtained by adding 1 to 5 ml 
of 0.02 H KOH to a solution (200 ml) consisting 50 mg per 
litre of eluiminium sulphate, and 0.01 M KHO^ . For proper ‘ 
mixing of KOH solution in the reaction mixture, magnetic 
stirrer was used. Just after ■ addition of KOH, conductivity 
of the reaction mixture was measured. Conductivity measure- 
ments were carried out at the frequency of 30 seconds for 
initial one hour, and afterwards at the frequency of one 
hour for 8 hours . Temperature of reaction mixture was noted 
in the boginning as well as at the end of experiment. 

Experiments were carried out in the manner explained 
above , but instead of conductivity measurements, pH measure- 
ments Yfere carried out at the same time frequency mentioned 
earlier. For continuous pH measurements pH meter was 
coupled to a recorder (Digilog, Bombay). For greater 
accuracy in pH measurements following procedure was follov/ed. 
Initially null ad justment was done , followed by direct 
measurement of solution potent ials . Readings obtained were 
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in millivolts, which Y/ere converted to appropriate pH values. 
This was ('one with standard curve shown in Tigure 4. Instru- 
ment calibration v/as done with number of buffer solutions 
(3*5 to 10.5) and noting, the values of corresponding poten- 
tials in mV, 

5 . 2 . 2 . 2 Equil ibrium hydrolysis : 

This study was conducted with six aluminium concen- 

-4 -4 

trations starting from 1 .5x10 M to 9x10 M at the interval 
of 1.5x10“"^ M concentration approximately. The concentration 
of an alkali (KOH) to be added was varied from 0.02 H to 
0,12 H at the interval of 0.02 F. In all experiments ionic 
strength was maintained by KNO^, and was equal to 0.01 M. 

First 100 ml solution, containing 100 mg per litre 
of aluminium sulphate, was prepared. In the above solution 
100 ml of alkaline solution was added with continuous 
stirring. The above mentioned alkaline solution was 
prepared by diluting 0 to 10 ml of KOH (0.02 F) to a final 
volume of 100 ml with double, distilled water. When alkali 
solution was strong enough in comparison to aluminium concen- 
tration, the sequence of addition was reversed to avoid any 
heterogeneous distribution of hydroxyl ions, because of 
extrooe concentration difference. 
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Just after prepar? tion of reaction mixtures 
turb laity moasuronents weru carried out to sec tho extent 
of precipitation in ea.ch reaction mixture prepared. These 
measurements were repeated after 24 hours, also pH measure- 
ments were carried out at 2, 4, 12, 24, and 48 hours after 
preparation, from each reaction mixture 50 ml of supernatant 
wa,s taken out, after about 24 hours, for quantitative esti- 
mation of aluminium, and OH” bound to aluminium ions . Out 
of 50 ml saiiplo 10 ml was ad tod to 10 ml of sodium flouridc 
(0.1 N) solution and remaining wa.s titrated against 0.01 M 
HGl. Tho somple treated with sodium flouride was heated for 
20 minutes, and after cooling its pH was measured. Appro- 
pri-^te blank v/as treated in the some manner. Difference in 
pH gives hydroxyl ion concentration bound to aluminium ions 
in the supernatant. Tho HCl (0.01 H) titration was performed 
v/ith tho help of pH meter. Titration end point was the pH 
of aluminum solution. This titration also gave concentra,tion 
of hydroxyl ions bound to aluminium ions in tho supernatant. 
The same sample was used for aluminium estimation. 

5. 2. 2. 3 Effect of S0^“ ions on Al-hydro lysis ^ 

SO. 

These experiments wore carried out at three ("pj) 
molar ratios, and two aluminium sulphate concentrations 
(50, and 300 mg/1). The throe molar ratios selected were 
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2, 2.5j and 3 1 sodium sulphate was used to provide excess 
sulphate ion concentration. The procedure of preparing 
reaction mixture was same as explained in section 5.2.2.2» 
Only pH measurements were carried out at the above mentioned 
time intervals. 

5. 2. 2. 4 Effect of medium maintaining ionic strength on 

hydrolysis of aluminium; 

In all the above experiments KKTO^ was used in 
maintaining ionic strength at 0.01 M, Instead of KIO^, KOI 
v\?as used of same concentration i.e. 0.01 M. Experiments 
were carried out in similar fashion as explained in section 
5. 2, 2. 2. 


5 . 2.3 A1 -Protein Interaction; 

5. 2. 3.1 Kinetics of Al-protein reaction; 

Bonne serum albumin was the protein used in the 
experiment. Stock solution was prepared of 1 gram per litre 
strength, 20 ml of stock solution was diluted ten times to 
obtain 200 ml solution with 100 mg per litre of protein 
concentration. This solution was transferred to a beaker, 
and beaker was kept on a magnetic strrrer. This wa.s 
followed by addition of one ml of aluminiixm sulphate to 
give final concentration of 50 mg per litre of alxmiinium 
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sulphate in the solution. Mixing continued till the end of 
experiment. At 15 minutes frequency, samples were drawn for 
protein estimation. The samples drawn were first centrifuged 
at 600 rpm for 15 minutes and the supernatant was used for 
protein estimation. 

One alternative method was used. Proteins have a 
distinct absorption maxima in ultraviolet range . As reaction 
between proteins and aluminium would continue, soluble 
protein concentration would start diminishing . Eeaction 
mixture was prepared in the same manner and was transferred 
to a absorption cell. Against a suitable blank absorption 
was measured at 280 m /^wavelength. Por this purpose the 
DU-2 Spec brophotometor (Model DU 2 > Beckman I 
Inc., U.S.A.) was used. 

5. 2 . 3 . 2 Protein titrations 2 

Potentiometric titrations were carried out for 
protein solutions. Protein solution containing 100 mg per 
litre of protein was titrated against 0.1 IT HCl and 0,1 N 
FaOH. This was done in order to understand dissocio,tion as 
well as uptake of hydrogen 10 ns by protein molecules at 
different pH values . Titrations wore also carried out for 
the blank without proteins . 
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To avoid error in, pH measurements caused bj adsor- 
ption of protein molecules on the membrane of glass elsctrodOj 
glass electrode was dipped in 0.1 H HCl after each 15 
minutes of use. 


5-2.3«3 Al-protein interaction at different pH values; 

In the present investigation no buffer sysbem was 
used in ma.intaining any pH value of reaction mixture . Buffer 
system, if provided, may affect in the following manner. 

(1) Ionic strength of the solution is increased than what 
IS decided i.e. 0.01 M. 

(2) Protein interaction with huffier will unnecessarily 
complicate bhe system. 

(3) A1 interaction with buffers like, PO^ buffer may 
complicate the system to be studied which by itself 
IS sufficiently complicated. 

Instead of studying the interaction at specified 

pH, it was decided to study at specified molar ratios. 

Aluminium concentrations used were the same as that used in 

KOH 

hydrolysis experiments. Following molar ratios wore 

selected? 0, 1, 2, 3} 4, which vrould cover the necessary 

pH range from 4 to 10. Protein concentrations used were 
from 50 mg per litre to 200 mg per litre. 
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Initially 200 ml of protein solution was prepared 
with 50-200 mg per litre of protein. This was folloTfed by 
an addition of 1 ml of aluminium sulphate and one ml of KOH, 
to give 50-300 mg per litre of aluminium sulphate concen- 
tration and appropriate niolar ratio. Estimation 

aOH 

procedure being slightly different for solutions with 
molar ratio = 0, whan compared to other, molar ratios, they 
are given separately; 


( 1 ) 


/ KOH n 
'^Al ^ “ 


0; 


As alu.m 3 .nium is only in the form of ions , the 
system becomes somewhat easy to deal with. After 24 hours, 

50 ml sample was taken out from reaction mixture. This 
sample wa,s centrifuged at 6000 rpm for 15 minutes. Protein 
concentration in the supernatant was determined by the 
procedure given earlier. Determination of A1 by the 
suggested method showed wide variations. Therefore alknli- 
motric titrations (Hahn, Stumm, 1968) were used for aluminium 
determination. But this method is useful for aluminium 
concentration greater than 10 ^ M. This method is as 
accurate as the colourimetric method employed. Out of 50 ml 
centrifuged sample, 40 ml of supernatant was added to 10 ml 
of 0.02-0.12 1 KOH. After half an hour, it wad titrated 
against 0.02-0.12 I HCl. Titrations wore performed with 
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tho holp of pH meter. Titratic.i curve show two infloxion 
points j first one due to neutralization of OH” ions and the 
orner one due to transformation of Al(OH)^ to lower hydrexj’"! 
spociGs. IProm this, amount of 0H~ ion reacted with aluminium 
ions can be calculated and hence aluminium ion concentration 
determined . 


( 2 ) (|^) > 0 : 

With addition of alkali complexities are introduced 
as one ha.s to deal with two reactions simultaneousl 3 r, These 
two reactions arc (i) Al-proteia reaction, and (ii) Al- 
hydroljBis . 

Depending on A1 -protein reaction, equilibrium 
hydrogen ion concentration will show a shift when compared 
to hydrolysis roacrion at the same molar ratio but in 

absence of protein. This change in equilibrium pH will show 
the amount of A1 reacted with protein. Therefore, after 
centrifuging, pH measurements of supernatant as well as 
protem estimation was done. 


5. 2. 3. 4 Effect of Ca and Mg on Al-protoin interaction: 

Ca and Mg arc known to form complexes with proteins 
and hence can be assumed to compete with aluminium ions, 
for the sites existing on protein molecule. Both those 
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cations form bidentate chelates with carboxylic groups, 
e.g. Ga-Edta. complex, Mg-Edta complex. Their concentration 
in wastewater is also high (150-250 mg per litre) while 
studying their effect on A.l-protcin interaction, two concen- 
tration wore chosen and those are 50, 100 mg per litre. 

Experiments were carried out in similar fashion 
except for addition of Ca and Mg. Equilibrium pH, and 
protein concentration were determined. 

5. 2. 3. 5 Effect of diprotic organic acids on A1 -protein 

interaction: 

Aluminium is known to form complexes with fatty 
acids, causing increase in soluble aluminium concentration 
in solution (Sillen and Martoll, 1972). These acids may 
compete with proteins, depending upon thoir concentration 
as protein molecules also consist of Tariable number of 
-GOOH groups. Mot only from theoretical point of view, 
but this study is also for practical reasons. Suico oarly 
degradation of organic matter in wastewater loads to formation 
of lower fa.tty acids or volatile acids. If aluminium 
compounds are used in treatment plants for chemical preci- 
pitation the effect of these acids, on the aggregation of 
macromolecules like proteins will be of considerable 
importance. 
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Mainly two acids wore studied, (i) oxalic acid, 
and (li) malic acid. The experimentation was caixied out 
in a similar way as explained earlier, with the addition 
of these two acids . final concentration in reaction nixturu 
was adjusted to 40 mg per litre. Equilihriun pH and super- 
natant protein concentration wore determined. 
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CHAPTER - VI 

SESUETS AED PIS CUSS ION 


6.1 AlixminlTJiii-Sul'phate Hydrolysis ; 

6.1.1 Kinetics of hydrolysis: 

Experimental results of the reaction kinetics are 
shown in Figure 5. It is evident from the results, that the 
reduction in conductivity is only limited to initial 5 minutes, 
as it remains constant afterwards. Hydrolysis of metal ions 
can be assumed to he a two step reaction, 

(i) forsnation of monomers followed hy 
(ii) formation of polynuclear coii^ilexes 

The aiiiminiim ion concentration used in the experiment heii^ 
quite low 1 .57 x lO”^ II , conductivity variations can he 
assumed to he directly proportional to the disappearance of 
ai Tirol -nliTTn ions from the solution. Therefore the rate of 
reduction in conductivity will be directly propoytiosal to the 
rate of monomer formations j followed by further reduction in 
conductivity with the formation of polynuclear coiE^slexes as 
conductivity is a function of charge and siae of the ions. 

The results of the reaction kinetips isariations in 

the conductivity after initial A ^ iidjmtes appi»p?ir 

mately. Therefore it can be Infemfi that the reacfeton is 
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fast, and even formation of polynuclear species is complete 
within the initial period of 5 minutes. 

In the same Figure 5, variation in pH with time has 
"been shown. It can he observed that the reduction in pH is 
directly proportional to time, for initial two hours, and after- 
wards gradually reaches equilibrium. Reduction in the pH 
indicates that reaction is not complete in the initial 5 minutes 
as concluded from the conductivity measurements. The present 
system can be represented by follow ing equation, 

Rate of removal of 0H“ = 

Rate of monomer formation + 

Rate of reaction between OH and polynuclear complexes 

(32) 


i.e. 

dC 

OH" 
" dt 



(33) 


where 


, kg ” jcate constants 
x,y,l,M - constants 

3+ 

C - concentration of Al"^ at time *t’ 

Al^ 

C - concentration of OH" at time *t' 

0H“ 

- concentration df polynuclear composition 


at time 
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In metal complex formation reactions, a water molecule in the 
co-ordination sphere of a cation is replaced by a ligand. 

Since such water molecules are tightly bound, their substitu- 
tion may be considerably slower than the rate of diffusion and 
may represent the rate determining step in the overall process 
But when concentration of metal ions is considerably higher 
than that of ligand the rate of diffusion will be decidir^ 
parameter of the overall reaction rate . In the present case 

C ^ therefore equation (35) can bo written as, 

OH“ 


dC 


OH 


dt 


= h, 




(34) 


whe 2 ?e 


■"I = 
^2 = 


m 


As concentration of OH” in the solution is low enough, the 

rate of diffusion of OH” ions can be asstimed tp be directly 

proportional to 0 , therefore putting y = 1 = 1 

OH” 


dC 


OH 


dt 


= K 


(35) 


OH 


where 


K = ^ + 
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Integrating equation (35) we get, 

- ln(OH“) = k . t + (36) 

where 0^ - integration constant. 

at t = 0, C = C 

OH" 0H“ 

therefore equation (36) can he written as 

-InC _ = £.t-lnG (37) 

CH 0H“ 

C 

+ In = k . t (38) 

OH" 

Equation (38) can he expressed as, 

pH(t) - pH(t = 0> . t (59) 

-1 

as C =-pH(t) •[' 2^1 “ hydrogen ion cone, at time ^t’l 

OH” 

Equation (39) represents the kinetics of the hydrolysis 
reaction, for initial 1 hour and 30 minutes. 

Brossot ( 1952 ), has ohserved that the hydrolysis of 
aluminium ions v^as a second order .reaction when n ^ 1.5, arid 
a first order reaction when 3 S ^4. The equations 
proposed hy him representing the kinetics" hydrolysis 
reaction were. 
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c — 

0H“ 0H“ 

when n 1 .5 

and log JC - C (°^)j = k’^t + , (40 Td) 

L OH" OH' J 

when 3 n 4 

where 0^ and C' - integration constant. 

C (®0 ) - oquilihriuiii concentration of OH“ 

OK" 

0 - concentration of OH"* at time ’ t ’ . 

OH" 

The results shown in figure 5 are for n 1.5? and equation 
(39) represents the kinetics of aluminium hydrolysis. The 
equation proposed by Brosset (1952) is different from equation 
(39). Tho equation (39) is not derived from well defined 
reaction mechanism, and therefore is not applicable after 
about 2 hours when the system gradually attains equilibrium. 
This may be the reason that equation (39) differs from the 
equation proposed by Brosset (1952). 

6.1.2 Study of hydrolysis equilibrium j 

Study of aluminium hydrolysis equilibrium was 
performed using six different aluminium ion concentrations, 
concentration used were 1,5x10 ^ M to 9.0x10 ^ iC approximately. 
Equilibrium diagrams are presented in figures 8 to 13^ ^ 

Aas. lio. A 




' [KOH/AI] molar ratio xo*<s^iS8 
FiG8>r HYDROLYSIS 



ALUMINIUM hydrolysis 




F10;:i0. ALUMINIUM HYDROLYSIS 





FIG-H:. ALUM 1 NiU M HY DROLY SIS 








FiG-13 ALUMINIUM HYDROLYSIS 
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To Imow the extent of precipitation, turbidity 
measurements were carried out, and are shown in Figure 
The extent of precipitation seems to be negligible with 
aluminium concentration equal to 1.5x10 Visual observa- 
tions showed almost no precipitation. But in case of all other 
aluminiiim concentration it can be seen that precipitation is 
almost complete upto pH 4.35. If one plots the concentration 
of fl-ii:Tnin-}7TTn and the pH 4.35, the point lies considerably out- 
side the Al(0H)j zone in the eq.uilibrium plot, and discards 
the probability of precipitate having Al(OH)^ as its composi- 
tion. From the material balance of aluminium, and OH ion in 
supernatant the average composition of precipitate was calcu- 
lated with the assumption that no other cations participate 

of 

in the formation^precipitate. The average composition of 
precipitate is Al(0H)^(S0^)^ where m = 2.4 and n = 0.3* Hsu, 
and Bates (1964) have worked with aluminium sulphate hydrolysis. 


the concentration chosen in their investigation was consider- 
ably higher in comparison to concentration used in. present . 
investigation-. According to them, the aluminium precipitate 


had the coi: 5 )osition Al(0H)2^2^^^4^0.4 ^ slightly 

different from the present investigation.. This he because 


of lew concentration of aluminium us^. 


sssienicy 




ion solutions to protolyze 

dilution. Perhai^ this be ’tha 'reason 

constitution to that ,froa| snft 


di^ereht 
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S'ulphate ions seems io bridge up the polynuclear 
species, to form precipitate at early stages. The first 
inflexion point in the equilibrium curves show completion of 
precipitate formation with A 1 ( 0 H) 2 ^^(S 0 ^)q ^ as its composi- 
tion. The precipitate formed were found to dissolve in sulph- 
uric acid (lU) in a very short time. Showing probably no 
crystalline structure even after four days. Weiser, and 
Milligan (2939) have found that the precipitate formed from 
altuninium sulphate solution is X-ray amorphous. This is 
substantiated by Hsu, and Bates (1964) as well as McHardy and 
Thomson (1971). This shows that the precipitate is more 
heterogeneous in its character. 

The precipitate composition linearly varies with pH, 

AIL —1 

Tery low (^)'’ molar ratio in supernatant indicates the 
absence of polymeric species in the supernatant. This can be 
explained in following manner. With the addition of alkali in 
aluminium sulphate solution, monomeric species are formed. 

These species undergo condensation reactions to foim basic 
hexagonal unit, these hexagonal units are joined by sulphate 
ion bridges. As sulphate ion concentration is higher to that 
of alumiiaiimi most of the primary hexagonal ' uhits Will bd joined 
by .30^ ion bridges and thus precipitate. Bdl^^etear 'species 
concentration d^ends on the remaini^ primary hex^oaal units 
in the solution. As most of those uniti' haw p»e?4.pitat:^ 
leaves almost none of them in the solution. Therefore predo- 

V 

Mlnan t species in the supernatant are all monomeric. 
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tfriT ill ty constants ; 

Conductivity and solubility measurements show that 
the most SO^” are very highly associated with metal ions even 
in dilute solutions (Robinson, ond Stokes (1959)| Davies (1959)) 
The Raman frequencies (Hester, and Plane (1964)) suggest that, 
with single exception of In, the metal sulphate complexes are 
solvent separated at least one molecule of water trapped 
between metal ion and S0^“. Therefore from above observations 
it can be concluded that SO"" ions form outer sphere complexes 
with aluminium ion. Matwiyoff ^ (1968) have found the 

presence of outer sphere complex in the presence of with 
aluminium ions in the solution. Hsu, and Bates (1964) 
observed no* change in equilibrium pH even at variable 
molar ratio, which is also observed in the present investi- 
gation.^ Therefore it can be assumed that, SO^*" ions do not 
interfere in the i^drolysis reaction and its equilibrium to 
the effect to .consider them in the reaction under Consideration". 

The n(pH)^_^ curves are shown in Figure 16 for &' 
series of Al(III) concentrations. The curve for lowest- Al(IIl) 

J! 

concentration used, i.e. 1.57x10"”^ M, exhibit a diffe^^ent 
trend v?hen compared to rest of the curves' sh^wn ^ihs FifTO$, 16, 

I ^ -i 

hence it has been discus.sed separately, the 'light of 

results obtained .froEE the r©#t of 
curves can be divided Into two 
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FIG-14 EFFECT OF SO 4 IONS ON ALUMINIU 
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(i) pH 5,1, whore 0 <_n 2.6 , 

and (ii ) 5.1 < pH 4 7 .0, where 2.6 4 ^ < 5- 

In the region (i) curves are parallel to each other and 
gradually coincide at pH 5.1, and n = 2.6, whereas region (ii) 
show that the n(pH)g_^ are coincident. lUherefore in the 
region (ii) , n is independent of A1 concentration, and thus 
indicates presence of homonuclear species. Initially theore- 
tical analysis of region (i) is carried out followed hy 
region (li). Systems of polynuclear complexes which gives 
rise to set of parallel curves, n(pH)g, have been treated by 
Sillen (1954), and Rossotti, and Eossotti (1956), Such 
systems were analysed in terms of a series of polynuclear 
complexes formed between a central group, denoted the core, 
and hypothetical ligand which also contain central group, 
referred to as links . 

In the region 0 < n ^2.6, and pH 5.1, the 

function n(pH )2 are each parallel but not equidistant, which 

IS evident from Rigure 17 showing log B(pH)_ curves, 

n=c 

curvature at lower values of ’B' show presence of moiKinuclear ■ 

species in tho solution. The log B(pH)^ , Rigure 17, .curves 

ni=e _ 

are almost parallel to each other in the range 0^5 ^ 5 ^ 2.5. 
Presence of mononuclear species at 5 as ^ 2 to 

^'.5, resulting in ixKJisased curvB3^Krei.at lowetn valr^ of B, 

' -'i' . 

seems to be l^mbabXe, Thereford ,i.t |^tifed in *^8 * 




6 


00 

00 
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FIG.17. pH vs log B CURVES AT CONSTANT n 
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present case that log B(pH) 

lines, thus indicating presence 
solution. 


curves are set of parallel 
of unique conplex in the 


fhe approxiina,te spacii;^ 


t 


- (-l OK ) 

log h 


(41) 


of the sot of parallel curves Figuie 16, along pH 
axis was found graphically, and curves were made to coincide 
by replotting the data as a function of 


X - log B + t . log h"** (42) 

In ordor to find out precise value of 't', various values of 
't' wore chosen (Integral as well as nonintegral ) , such that 
the values of 'x' calculated for a series of B (aluMnium 
ion concentrations used) vedues showed ninimnn difference. 

The value of 'f thus obtarned was '2.611', and ooirespondiBg 
values of x ejo given in Table 7 in Appendix I. The complex 
may then bo represented as a compounds of core 

B With 1 lMcs[(H)_^^ Bs] Where 's' is smllest l4ger 
(Bossottl, and Eossotti (196S)) suoh that the product at is 
also integral, and 1 may have a series of Integral values 
upto a maximum of h, which is six In case of aluMniun ton. 
But as present system Indicates presenc^ of. uniqu^ complex. 
Bq(H)_j, wtooh can be r^resented In.ttaro of cpje-coiplex as ' 



69 


With tho assumption that activity coefficients are 
effectively constant, the concentration of core complex 
formed can be represented by 


The concentration of b[bs(H)_^^J ^ will he given by 

= K- . b . 

where Kj. is equilibrium constant for reaction ( 43 ), 
oonvonieut auxiliary variable dofinei by 


(43) 


(44) 


and u IS 


u = b(h)"'^ 

The concentration of bound (H) and of total B 
respectively by 


are given 


(45) 


2 - ^3 + (1 + sL) B(Bs(H) . )^ 

-st^I 

= ■b(l + ng' + g) 

where g a Kj. . u^s 
g’ = EK^ . 


(46) 


h - H - Kw.tr'^ = b.t tjg* 

Identification of unique species and 'd^ttefiafcaation of 
stability constants was done by dlrfeet oow^son of the 


'(47) 
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experinen-tol data n(pH)g^^ with appropriate normalised curves 
Normalised curves were obtained as follows. 

Combination of equations (46), and (47) 


y = 


-1 


and 


X = 


B.t 

b(l + ug» + g)t 

sis 

(48) 

1 + Cl + si)g 

+ t log h""^ 

(49) 


= s log g - ^ log S + log[l + (1 + si)J 

where L log R = log = log 

The normalised abscissa is chosen, therefore, as 


(50) 

( 51 ) 


X = X + log 2 - 

2 


where value of x, for y = i 

when y =^, whence by substitution in equation (50) 
% = log 2sl. - ^ log R - . log(sL - 1) 

Combining equations (50), (52), and (53) 


X = 


sli ^ logj^l ^ (1 + - log si 4 

log(sI - 1} 


' 1 + s i 
si 


(52) 


( 55 ) 


( 54 ) 



using vsquations (48), and (54) nomalised curves were plot for 
different values of *sL' and compared with plot obtained from 
experimental results, hoimialised cuivc for sL = seems to 
coincide with y(X) curve obtained from the results. Figure 18, 
thus indica.ting to the precipitation of Bs(H)_g^ in the 
absence of soluble complexes. In the present case s = 13, 
and st = 13x2.611 = 33.943, approximately 34. Therefore 

predominant species formed are Al^j(OH)^^, and these precipitate 
in the presence of SO^*", Sillen (1959) has mentioned the 
presence of species in some basic aluminium salt 

crystal (Johanson (1966)), as a possibility and still more 
recently (Sillen (1962)), a mxtuxe of Al^^(OH)^^, and 
11^ (OH)^^. Present investigation shows that predominant 
species in presence of S0~ ions is Al^^(OH)^^, which further 
precipitates, and therefore theoretically speaking composition 
of precipitate should bo Al^^ (0H)^^(S0^)2 ^ The composition 
of precipitate found from chemical analysis was A 1 ( 0 H )2 
(SO^)q The difference may be due to limiting accuracy in 
estimation of Al(III) in solution. 

.The stability constants K obtained' from the 'Figure 
19 is 10-'?-'h Itorefore 

Taking into consideration the activity{bc?®ffieient, = 

Of. 71 “ ^ * 

10“^ , whereas the value of* in literature 


is 10 


r97.22 

m 






73 


The region (ii) , 2.6 ^ n < 3, and 5.1 4 pH < 7.0, 
curves are coincident (Figure 16), thus indicating the 
presence of homonuclear species. The n values almost linearly 
vary with pH, and are independent of aluminium ion concen- 
tration. The log B(pH)_ cuives. Figure 17, show set of 

_n=c 

vertical lines beyond n = 2.61, therefore 


^ log B 

n ^ 2.6 


0 


(55) 


when 5.1 4 -4 7.0 


since 


Z Z B (H) 

1 0 ^ p ^ 

r = g = r + / 


log h~ 
log B 


-)- 


n=c 


dn 

A B=c 
(56) 


= Constant. when 5.1 ^ pH ^7.0. 


Most of aluminium ions precipitate near pH = 7.0, and therefore 


0 


pH z 7 


log 


B 


= /h 


-1 


B=c 


n d log h + 1 - r 


(57) 


reduces to 



V4 





/s 


n.d log h 


-1 


B=c 


. a log h“^ + 1 (58) 

= 4rea under ohe curve of S(pH)g_^ curves. 


Ihe area was calculated using Simpson’s rule. Ihe calculated 

areas at each pH value are given in Tables 1 to 6 in Appendix I. 

The solubility product (K ) , calculated from the experimental 

data is - 0.02^ taking into consideration activity 

—52 8+0 02 

coefficients, the above value reduces to =10 * — ' , 

whereas value of solubility product available from literature 
(Sillen, and Martell (1971)) is 10~^^. The value of 
calculated from the data is in close agreement with the 
standard available value. 

Since n values linearly vary with pH, and r = 0 in 

3 + 

the range 5,1 < pH < 7.0, therefore soluble Al"^ concentration 

can be found out with the help of K calculated. In the 

range 5.1 < pH ^7.0, the composition of precipitate varies 

linearly from A1^^(0H)^^(S0^)2 ^ to Al(OH)^. This. shows that 

beyond pH 5.1 y 80~ are continually replaced by OH ions and 

this replacement completes in the vicinity of pH 7 . 

The n(pH)T 3 curve. Figure 16, for Al^'*’ = 1.57x10 ^ 
±>=c 

(50 ppm AlsSO. ) is entirely different from those for higher 
concentrations , but is^ parallel to tham till h' = 1.25. She 
same solution showed late precipitation When co:ilf>ar©d to 
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solutions ?/ith higher concentration of aluminiiom. This may 
he due to following reasons ; 

1 . The rate of precipitation depends on concentration of 
polynuclear species and rate of interaction between poly- 
nuclear species and S0^“. Relative concentration of 
polynuclear species to SO” if ever remains same, in case 
of all solution, hut concentration of polynuclear species 
and so” ions is different and lowest in case of solution 
with Al(III) = 1.57x10“"^. This will result into lower 
rate of precipitation. 

2. The predominant species present at higher concentration of 

aluminium is Polynuclear complex formation is 

triggered hy the concentration of monomers, giving rise to 
primary hexagonal units, Further condensation of hexagonal 
units is controlled hy charge on the primary unit formed. 
This condensation will he accelerated in the presence of 
so” attached to the primary hexagonal unit, and also 
concentration of primary hexagonal units. Therefore at 
low concentration of A1 - 1.57x10*'^ K, due to lower concen- 
tration of SO” and primary hexagonal units, most of them 
mpst he staying in solution phase in the form of A1,^(0H)^^ 
and part of it must he precipitating. 

3. The pH range in which Al^^(OH)^^ species is predominant in 
case of higher concentrations, wfeereae in base of 11 (III) 
conclr^ration, 1 .57x10”^, A1.^(0 h')^^ ^il^ht he a predominant, 
spacies. 



76 


6.2 Study of aluminium protein interaction 
6.2.1 Potentiometric titration of protein solution 

Potentiometric titrations vere performed with 
bovine serum albumin solution against ITaOH and HCl so as to 
determine q.uantitatively the number of different lonogenic 
groups present as side chains on the protein molecules. The 
results of protein titration are shoTjn in Pi,,. 19 » and are 
presented in a tabular form in Appendix II, Table lA, The 
groups present on protein molecules dissociate in different 
pH ranges. Cannan (1942) proposed follo-tani classification 
for different titration ranges, 

1, The titration from maximum bound ion value, 
in the region of pH 1.5, to ’chat at pH 6 is attributed to 
the ionization of side chain carboxyl groups. 

2, The titration between pH 6 and 3,5 is attributed 
to histidine and terminate a-amino groups. 

5. The titration from pH 8,5 to the maximum 
at pH 11-12 IS attributed to e-amino roups of lysine, 
phenolic hydroxyl groups of tyrosine, and sulphydryl groups 
of cysteine. 

Aluminium ions are classified as hard lewis 
Acids. la general hard acids prefer to coordiaafc^ with |iard 
bases to which aluminium ions a®© no exceptions. Aluminium 
ioas show infinity to-mx^ 3mrd like f, CE, RGOPH, 

ROH ijpLCompariscai to stRf^ bases like HHS; ‘^iid RS. 




PROTEIN TITRATION 
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Thererore in presenc discussion more emnhasis is laid on 
carboxyl j^roups. It is evident from Table lA tbit the diff- 
erence in corresponding pH values for blank and protein solutior 
IS almost negligible beyond pH 2 .790-, In order co obtain 
hydrogen ion uptake by carboxyl groups $ corresponding hydro ^en 
ion concentrotion of blank was suburacted from that of protein 
.solution. The calculated values are presented in Table IB 
[Appendix II ]. The hydrogen ion uptake should increase with 
redaction in pH values and attain a maxima in the vicinioy of 
pH 1.5 bo 2. The calculated values do not exhibit any 
specific trend in order to calculate dissociation constant for 
carboxyl groups. This may be because of errors involved in 
pH measurements. The errors may be due to (i) limioed 
accuracy of instrument, (ii) old glass electrode, and (iii) 
Interference due to adsorption of proteins on glass membrane. 

Maximum hydrogen ion uptake by carboxyl ■'roups is 
found to be 10”^ per 100 mg of bovine serum albumin. 

Kirschenbaiun (l97l) has analytically obtained the amino acid 
composition of bovine serum albumin. Using Eirschenbaum’s 
data the concentration of carboxyl groups was calculated and. 

13 equal to 10’~^*'^^M per 100 mg of bovme serum albumin. The 
above value is quite in close agreemenb with the value obtained 
from excerimental results. Hut even after several repetitions 
of protein titration no specific trend in hydrogen ion uptaJ5:e 
with pH could be obt ined for bovino serum albumin. 
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6.2,2 Kinetics oi aluminium protean interaction 

The resiilts are ^iven in Table 2 [Appendix II J. 

It IS evindent from the results that the amount of protein 
(Bovine serum albumin) in the supernatandr- remains almost 
constant after 15 minutes. The miniiuum time required for 
centrifuging, uhe draum sample being 15 minuces, no inter- 
mediate sample could be analysed. The aggregation of bovine 
serum albumin molecules can be assumed, to he a -cwo step 
reaction. . 

i) Reaction between aluminium ions and individual 
probem molecules. 

li) Interaction between reacted protein molecules 
resulting in their aggregation. 

The results obtained clearly show that aggregation 
of protein (BSA) is almost complete within initial 15 minutes. 
This clearly indicates that binding of aluminium ions to 
protein molecules is a fast process. In that case the amount 
of protein agpcegated will not be a function of engineering 
parameters like intensity of mixing. As no information could 
be obtained at lesser time interval about prptein concentration 
in the supernatant, nothing can be said fbout aggregation 

kinetics. 

*1 

Protein solutoions ^uhit a di^stfljoscsfe. absoorpticoi 
band at 280 mjA, The kinetxca war studied mth 

the help of spectrophotoiaeter and results obtannad are gwen 
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xaole II [Appendix II j. The absorbance show a constant 
value alter about 4 to 6 minutes. Therefore it can be 
positively said that the aggregation pf protein molecules 
is completed within initial 6 minutes. The absorbance 
values being low of the order’ of 0.03 at protein (BSA) 
concentration 100 mg per litre, repetability in measurement 
of absorbance with time was poor. in successive trials. Prom 
the above results obtained it can be concluded that binding 
of aluminium ions to protein molecules resulting into 
aggregation of protein molecules is a fast .process. 

5.2.5 Reaction equilibrium 

In order to establish the type of interaction 
existing between proteins and aluminium ions the eauilibrium 
pH of aluminium-protein solution, and only aluminium solution 
was observed at very close range of [ ] molar ratios . 

The results for bovine serum albumin, and casein are shorn 
in Pigs. 20, 21 respectively. Ihe same results are 
presented in a tabular form in Table 3 and 4 [Appendix II]. 

It is clear enough from Pigs. 20, 2 i that after about pH 5 
curves .ere converging in case of bovine serum albumin, and 
almost parallel in case of casein. For the same [ .Sa® ] 

molar ratio the equilibrium pH attained by aluminium-protein 
solution is hi_her when compared to aiuminlum solution. This 
indicates that aluminium ions are reaotln.s with carboxyl and 
other .groups present on protein molecules, /ihe change In 




® Al + NaOH + KCl 
o Al + NaOH + KCI + Albumin 
Al cone. 9 X lO^M 
NqOH-O-IM 
I Vol.-200 ml 
Time-6 hrs 
Temp. 26 C 


; > • ' Mole ratio [NaOH] x [ai] xo 
F 1G.20 , ,Al-ALBUM!N ; INTERACTiON 


Albumin cone. 100 mg/lit 10% solun. 



1 


ililifiS 

Ml. NaOH 


casein:! 
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pH per ml HaOH added against [ — ] molar ratio is shorn 
111 i?! 3 , 22 for casein in order to hrin" out the magnitude of 
change in pH due to reaction betveen aluminium ions and casein 
The isoelectric point for bovine serum albumin is around pH 
4.9. The aggregation of proteins below pH 4,9 should be 
because of reaction between aluminium ions and protein molecul'- 
the reacted aluminium ions must be serving as a point of 
contact -^ath other protein molecules leading to formation of 
clusters of protein molecules, from the data obtained it 
would have been possible to calculate amount of aluminiina 
ions reacted if proper information about number of carboxyl 
groups and their dissociation constant would have been 
available from protein titrations carried out. 

Qualitatively the amount of aluminium ions 
reacted with protein molecules can be found out as follows. 

At pH 7 aluminium ions arn predominantly present as Al(on)^ 
species. In order to reach pH 7 the amount alkali required is 
different for aluminium-BSA, and aluminium-casein solutions 
when compared to aluminitim solution only. The difference 
is 0,3 ml HaOH for former and 0,85 ml HaOH for later one. 

This amounts to 1.5x16""^ and 4.25x10"“^ o£ As predo- 

minant species are Al(OH)^, and Al^"*’, 

Ihe amount of reo.tk' ’ 

The amount of A1 reacted’ with 


^gxliT^k. 
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as coordination No, for aluu-ininm 
IS 6, 

It can be assiimed that all possible sites can 
never be occupied due to their positions on protein molecules 
in that case at pH 7, the amount of aluminium ionsmeacted 
should the be less than the above two limits. Ihe amount of 
aluminixim ions reacted is 0.5xl’0“^ M in case of bovine serum 
albumin* If all sites on protein (BSA) are occupied and 
aluminium is bound to 4 carboxyl groups each then 


the amoxmt aluminium ions 
reacting mth BSA 


Tot al Ho, of ca rboxyl groups 
4 



4 

0,5x10'’^ M approximately. 


But all sides can never be bound by same coordinations 
number. Therfore the caluclated value from the results 
should be smaller than 0. 5xl0~^ M, but it is not so. Therefore 
the mechanism of protein aggregation must be different at 
pH y iaoelectric point. In this range proteins exhibit 
negative charge, and the interaction with aluminium ions may 
be of similar nature when compared to hydrophobic colloids. 

But chemical affinity towards carboxyl groups cajanob be 
discarded. Hence both chonical, and electrostatic binding 
may be the reason for protein aggre^tion. 

The curves in Fig. 21 are almost parallel to 
each other beyond pH 5, and tte® indicate .that constant amount 
of aluminium ions remain bound to casein molecules, whereas 
the curves in Fig. 20 are converging and hence the amount of 
aluminim ions bound to bovine serum albumin molecules must be 
decreasing with i®* 
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CHAPTER VII 

GOIGLUSIONS AIID SaSSESTIOIilS 


7 . 1 Oonclusions 

Tne results obtained in 'Che present in-vestigation 
leads to the following conclusion^ ; 

(1) Precipitation of aluminium sulphate was found to be 
complete at pH 4*5. The precipitate composition was 
AlCOH)^ ^^(SO ^)q ^.Concentration of polymeric species 
v/as foimd to be low, as (^) molar ratio in the 
supernatant was extremely less. 

(2) Increase in sulphate ion concentration did not affect 
V aluminiTjm hydrolysis equilibrium. Similarly, diff- 
erent ionic medium such as potassium chloride did 
not affect aluminium hydrolysis equilibrium and hence 
equilibrium products. 

(5) ‘Casein showed greater binding capacity for aluminium, 
in comparison to bovine serum albumin. The amount 
of aluminium bound to casein remained cdnstant up to 
pH 8.0, whereas, in case of bovine serum albumin, it 

f ^ 1 

reduced with pH of the solution.' Aluminium ions 
seems to form co-ordination complex with number of 

* f ^ ^ ' s' 

carboxyl groups simultaneously'. 
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(4) Caldum and magnesitun increased the amount of proteins 
precipitating from the solution. This was true in the 
case of casein, but not in the case of borine serum 
albumin. 

(5) In the presence of diprotic acids like oxalic and malic 
acid, borine serum albumin showed a reduction in the 
amount of bound aluminium ions whereas casein showed a 
marginal change. 

7.2 Suggestions 

(1) In order to find out the composition of precipitate it 
was assumed that the precipitate is electroneutral. 

The early precipitate formation in the presence of SO^ 
has been observed by several research workers. This 
precipitate, even after aging for several days, has 
shown amorphus nature. This indicates that SO^** ions 
are forming outer sphere coii?>lexes. In that case the 
validity of the as^unption made demands substantial 
proof. This can be achieved by estimating 30^“ concen.* 
tration in the supernatant. 

(2) In the present investigation it has been found out tiiat 
the hydrolysis of aluminium ions in the presence of 
anions like SO^*", leads to the formation of only ohe 
predominant species Al-j^CCH)^^ and not a series of cor© 
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complexes. In. order to generalize the present finding 
xt is necessary to carry out aluminium hydrolysis 

experiments with aluminium concentration as high as 

-1 -6 
10 M and as low as 10 M, 

(3) It was not possible to correlate change in pH with the 
amount of aluminium ions reacted with protein due to 
considerable variation in the data obtained. It seems 
to be possible with the use of higher concentration of 
proteins in the experiment. 

(4) Correlation should be established between the amount of 
aluminium ions reacted with protein and protein 
precipitated. 

(5) I.R* spectral studies of the aggregated proteins should 
be conducted in order to confirm binding sites and 
coordination. 
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Apt) 

Al-SO^ Hydrolys 

- 1 . 

Total A1 cone . 

Ionic st. 
Alkali used 
Temp. 

Total vol. 


ml. 

KOH 


pH of the supe 2 ?natant 

l" ■' ' f" ' " ' ! 

t ! 1 


added 


2 Hrs.{12 Hrs. 


I 

J. 


24 Hrs 
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TABIE - 2. 


Total A1 cone. 

Ionic st , 

'Alkali used 

‘Temp , 

* 

Total Vol. 


- 4.58X10~^ M (100 ppa. Al^CSO^)^) 

- 0.01 (KlTOj) 

- EOH (0.04 M) 

- 24°C to 2800 

- 200 ml. 


r 

ml. 

pH of supernatant after 

-j — ^ — 

-1 s 

... y 

t t 

iGondtieti- J Turbidity 

r ■ '■ 

- 

K0H| 

1 

1 

} 

t 

1 



2 Hrs(l2 Hrs!24 Hrs >72 Hrs 

t 1 1 

1 t 1 

f t t 

t ! 1 

1 t 1 

,.,1, f ^ 

f 

1 

f 

1 

t 

1 

f 

1 

„t — 

jvity {after 

{after {3 Hrs. 

{24 Hrs. { (HTU) 

{ m mho, { 

_i _i 1 

n.dpH 

( 


B 

4.05 

4.00 

3.95 

3.95 

— 

1.70 

0.2 

-- 

0.2 

4.08 

4.00 

3.98 

3.98 

0,103 

1 .65 

0.9 

0.001552 

0.5 

4.10 

4.00 

3.99 

3.98 

0.287 

1 .60 

1.5 

0.001552 

o.s 

4.10 

4.00 

3.99 

3.99 

0.478 

1.55 

2.00 

0,0035' 

1.0 

4.11 

4.01 

4.00 

4. do 

0,598 

1,55 

2.50 

0.0089 

1.2 

4.11 

4.01 

4.01 

4.01 . 

0.718 

1.55 

3.00 

0,01546 

1.5 

4.12 

4.02 

4.02 

4.01 

0.902 

1 .60 

3.00 

0.02356 . 

1.8 

4.16 

4.06 

4.05 

4.05 

1 .072 

1.60 

3.50 

0,05319 

2.0 

4.18 

4.08 

4.08 

4.07 

1 .181 

1,60 

4.00 

0,086f9 

2.2 

4.19 

4.10 

4.09 

4.08 

1.302 

1.60 

4.50 

0.0994 ■ 

2.5 

4.21 

4.12 

4.11 

4.12 

1.482 

1 .60 

4.50 

0.1273 

3.8 

4.27 

4.20 

4.18 

4.16 

1.636 

1 .60 

5.00 

0.2364 

3.0 

4.30 

4.16 

4.20 

4.19 

1.753 

1.60 

5.50 

0,2T02 

3.2 

4.35 

4.30 

4.24 

4.24 

1.864 

1,60 

6.00 

0,W6 

3.5 

4-39 

4.28 

4.30 

4.29 

2.031 

1.60 

6.75 

0^ 45^4 

3.8 

4,50 

4.40 

4.40 

4.40 

2.189 

1 ,60 

7; 50 


4.0- 

4.58 

4.50 

4.42 

4.43 

2.310 

1,60 

7,50 

Offl 55'^ 

4.2 

4.78 

4.70 

4.62 

4.60 

2.594 

1?65 

7,40 


4.5 

5.19 

5.22 

4.910 

4.92 

2.547 

1 .65 

7 ,4o 

1 f 

4,8 

5,91 

5,80 

5.710 

5,70 ■ 

2,705 

1,70 

6r20 

4,0035 

5.0 

0,39 

6.38 

6.190 

6,20 

2,82f 

1,^ 

#,60 


5i|2 

6.83 

6,50 

6.25 

6.22 

2,955 

* 

5*60 


5;5 

7.49 

7.35 

7.05 

7,05 

3,145 

i,ii> 

4.60 

i^mff 
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TABLE - 3. 

Total Al(IIl) cone. 
Ionic st. 
Alkali used 
Temperatiire 
Total vol. 


- 4.711x10“'^ M (150 ppm. AlgCSO^)^) 

- 0.01 (KNOj) 

- 0.06 M (KOH) 

- 24°C to 28^0 

- 200 na. 


KOH 

added 

ml. 

I ' 

:pH of supernatant after 

' 

— 

n 1 

Conducti- 
vity after 
24 Hrs. 
m mho. 

Turbidity 

after 

2 Hrs 
(ETU) 

n.dpH 

2 Hrs 

{12 Hrs 

! 

! 

f 

f 

f 

124 Hrs 

1 

t 

1 

f 

♦ 

72 Hrs 

B 

3.95 

3.90 

3.85 

3.85 


1 .70 

0.00 


0.20 

3.95 

3.92 

3.88 

3.88 

0.107 

1.65 

0.80 

0.0016 

0.50 

3.98 

3.90 

3.89 

3.89 

0.292 

1.70 

1.50 

0 .0036 

0.80 

4.00 

3.90 

3.89 

3.89 

0.483 

1.70 

2.20 

0.0046 

1.00 

4.00 

3.92 

3.90 

3.90 

0.604 

1.65 

2.50 

t).0099 

1 .20 

4.01 

3.95 

3.91 

3.91 

0.725 

1 .65 

3.00 

0.01663 

1 .50 

4.02 

3.95 

3.92 

3.92 

0.910 

1 .60 

3.00 

0.02481 

1.80 

4.02 

3.95 

3.95 

3,94 

1.080 

1 .65 

3.50 

0.05466 

2.00 

4.00 

4.00 

3.99 

3.99 

1 .190 

1 .60 

4.00 

0.1000 

2.20 

4.00 

4.00 

4.00 

4.00 

1 .310 

1.60 

4.00 

0.1126 

2.50 

4.10 

4.05 

4.02 

4.01 

1 .490 

1.60 

5.00 

0.1406 

2.80 

4.10 

4.10 

4.10 

4.08 

1 .652 

1.60 

5.00 

0.2662 

3.00 

4.11 

4.11 

4.12 

4.11 

1 .771 

1 .60 

6.0 

0.5004 

3.20 

4.15 

4.16 

4.16 

4.14 

1 .948 

1.70 

6.50 

0.3747 

3.50 

4.20 

4.21 

4.23 

4.22 

2.053 

1 .65 

6.50 

0.5149 

3.80 

4.30 

4.30 

4.31 

4,30 

2.224 

1,60 

7.00 

0.6860 

4.00 

4.32 

4.33 

4.33 

4.34 

2.547 

1.65 

7.00 

0.7317 

4.20 

4.52 

4.54 

4.54 

4.52 

2.435 

1.70 

8.00 

1 .2338 

4.50 

4.81 

4.82 

4.82 

4.81 

2.598 

1.75 

8.50 

1 .9382 

4.80 

5.80 

5. 81 

5.83 

5.82 

2.761 

1.80 

7.80 

4 .6446 

5.00 

6.50 

6,45 

6.30 

6.28 

2.885 

1 .85 

6.00 

5.9715 

5.20 

7.15 

7.10 

7.00 

6.97 

3.011 

1.80 

5.80 

8.03519 
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TiBLE - 4. 

Total Al(III) cone. 
Ionic st. 
Alkali used 
Temperature 
Total vol. 


- 6.281X10""^ ¥ (200 ppm. Al^CSO^)^) 

- 0.01 (KNO^) 

- KOH (0.08 ll) 

- 24 to 2800 

- 200 ml. 


ml. 

pH of supernatant after ' 

-■ - - „ 

» 

n {Conduc- 

Turhidity 


KOH 

! * f 

1 ! ! 1 

{tivity 

after 

n.dpH 

added 

2 Hrs'12 Hrs|24 Hrs{72 Hrs ] 

I r 1 1 

fill 

r f 1 f 1 

r _ t 1 1 1 

{after 
}24 Hrs. 

I m mho. 

t 1 

2 Hrs. 
(HTU) 



B 

5.95 

3.90 

3.80 

3.79 


1.80 

0.30 


0.25 

3.95 

3.90 

3.80 

3.80 

0,1591 

1.80 

1 .00 

— 

0.50 

3.98 

3.90 

3.85 

3.80 

0.2909 

1.75 

.1.80 

0.0192 

0.75 

4.00 

3.95 

3.85 

3.82 

0.4501 

1.75 

2.00 

0.0192 

1.00 

4.01 

3.90 

3.85 

3.82 

0.6093 

1 .70 

2.00 

0.0192 

1,25 

4.01 

3.90 

3.875 

3.85 

0.7560 

1.70 

2.80 

0.0363 

1.50 

4.02 

4.00 

3.90 

3.90 

0.9032 

1.70 

3.50 

0.0363 

1.75 

4.01 

4.00 

3.90 

3.91 

1.0624 

1.70 

4.00 

0.0363 

2.00 

4.01 

4.00 

3.900 

3.920 

1.2216 

1 .70 

4.30 

(V0610 

2.25 

4.00 

4.00 

3.95 

5.95 

1.5590 

1 .70 

4.80 

0.1255 

2.50 

4.00 

4.00 

4.00 

4.00 

1.4987 

1.70 

5.00 

0.1970 

2.75 

4.02 

4.02 

4.025 

4.025 

1 .6490 

1 .70 

5.60 

0.2363 

3.00 

4.05 

4.05 

4.05 

4.05 

1 .7998 

1.70 

5.60 

0.2794 

3.25 

4.10 

4.12 

4.11 

4.11 

1 .9510 

1 .70 

6.00 

0.3263 

3.50 

4.12 

4.12 

4.13 

4.16 

2.0956 

1.70 

7.60 

0.4274 

3.75 

4.25 

4.25 

4.24 

4.24 

2.2359 

1 .70 

8.50 

0.5899 

4.00 

4.31 

4.32 

4.320 

4.52 

2.3701 

1.75 

10.00 

0.8855 

4.25 

4.63 

4.63 

4.650 

4.650 

2.4939 

1.75 

12.20 

1.5543 

4.50 

5.25 

5.27 

5.270 

5.28 

2.6231 

1.80 

11.80 

3.0894 

4.75 

5.80 

5.80 

5.80 

5.80 

2.7748 

1.85 

10.70 

4.7088 

5.00 

6.75 

6.50 

6.40 

6.41 

2.9321 

1.90 

9.00 

6.4208 

5.25 

7.10 

7.00 

7.00 

7.01 

3.02714 

1.90 

8.50 

8.2086 


/ 
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TABIE - 5. 

Total Al(III) cone. 
Ionic st. 
Alkali used 
Temperature 
Total Tol. 


7.852X10“^ M (200 ppm. Al^CSO^)^) 
0.01 (OO^) 

KOH (0.1 M) 

24 to 28 °G 
200 ml. 


ml. 

KOH 

added. 

pH of supernatant after 

T ’ I ! 

2 Hrsil2 Hr 8 124 Hr s 172 Hrs 

1 1 f 

1 ! 1 

1 

! 

f s 

1 

1 

r 

I 

f 

1 

T 

1 

{Conduc- 
Iti-vity 
{after 
|24 Hrs. 

} m mho . 

Turhidity 

after 

2 Hrs. 
(BTU) 

\ - _ 

n.dpH 

B 

3.90 

3.82 

3.75 

3.75 

“* 

1 .85 

0.20 


0.25 

3.90 

3.83 

3.78 

3.78 

0.1440 

1.80 

1 .80 

0.00216 

0.50 

3.90 

3.85 

3.80 

3.80 

0.2940 

1 .80 

2.50 

0.0065 

0.75 

3.90 

3.85 

3.82 

3.82 

0.444 

1.75 

3.50 

0.01391 

1,00 

3.90 

3.88 

3.83 

3.83 

0.599 

1.75 

4.00 

0.01912 

1.25 

3.90 

3.88 

3.84 

3.85 

0.753 

1 .75 

4.80 

0.02589 

1.50 

3.91 

3.91 

3.855 

3.85 

0.906 

1 .70 

5.00 

0.03834 

1.75 

3.92 

3.90 

3.870 

3.87 

1 .060 

1 .70 

5.00 

0.05308 

2.00 

3.95 

3.90 

3.880 

3.88 

1 .215 

1 .65 

6.00 

p.Gi464 

2.25 

4.00 

3.98 

3.950 

3.95 

1 .349 

1.65 

6.80 

0.1544 

2.50 

4.00 

3.98 

3.970 

3.97 

1 .502 

1 .65 

7.00 

0.1829 

2.75 

4.00 

4.00 

3.990 

3.99 

1.655 

1.65 

7.20 

0.2145 

3.00 

4.02 

4.02 

4.030 

4.03 

1 .803 

1 .65 

8.00 

0.2836 

3.25 

4.08 

4.08 

4.09 

4.08 

1.947 

1 .65 

9.00 

0.3961 

3.50 

4.16 

4.15 

4.16 

4.15 

2.090 

1.65 

11.20 

0.5374 

3.75 

4.24 

4.25 

4.25 

4.23 

2.233 

1 .65 

12.40 

0.7319 

4.00 

4.33 

4.32 

4.33 

4.32 

2.380 

1.65 

13.50 

0.9164 

4.25 

4.55 

4.56 

4.55 

4.56 

2.516 

1 .65 

13.00 

1 .4550 

4.75 

5.46 

5.45 

5.45 

5.47 

2.643 

1 .80 

11 .80 

3.7766 

5.00 

6.30 

6.20 

6.20 

6.18 

2.799 

1 .90 

9.30 

5.8175 

5.25 

7.10 

7.05 

6.90 

6.82 

2.957 

1.95 

8.00 

7.8323 
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TABIE - 6. 

Total Al(III) cone, 
lonxc st. 
Alkali usod 
Temperature 
Total vol. 


9.422X10"^ E (300 pp*. AlgCSO^)^) 
0*01 (KNO^) 

XOH (0.1 M) 

24 to 2800 
200 ml. 


ml. 

KOH 

added 

pH of supernatant after 



n i^fter 

|24 Hrs.;S;g( 

; m mho . ; ' 

n.dpH 

2 Hrs 

t 

{12 Hrs 

t 

124 Hrs; 

72 Hrs 

B 

3.70 

3.91 

3.70 

3.710 

: 

1 .90 

0.0 


0.25 

3.73 

3.95 

3.75 

3.750 

0.1096 

1 .90 

2.0 

- 

0.50 

3.75 

4.00 

3.75 

3.760 

0.2420 

1.85 

3.0 

0.0060 

0.75 

3.76 

4.02 

3.77 

3.776 

0.3644 

1 .80 

3.0 

0.0136 

1.00 

3.78 

4.05 

3.80 

3.800 

0.4870 

1 .80 

3.5 

0.0243 

1 .25 

3.79 

4.04 

3.810 

3.800 

0.6152 

1 .80 

3.5 

0.0309 

1 .50 

3.80 

4.05 

3.825 

3.800 

0.7429 

1.75 

3.0 

0.0397 

1.75 

3.82 

4.07 

3.825 

3.815 

0.8760 

1.75 

3.5 

0,0f97 

2.00 

3.85 

4.08 

3.850 

3.850 

0.999 

1 .70 

4.0 

0.0632 

2.25 

3.87 

4.09 

3.875 

3.870 

1 .123 

1 .70 

4.0 

0.0897 

2.50 

3.90 

4.10 

3.900 

3.900 

1 .248 

1.70 

4.5 

0.1194 

2.75 

3.90 

4.15 

3.925 

3.925 

1.374 

1.70 

5.0 

0.1521 

3.00 

3.95 

4.19 

3.950 

3.950 

1 .499 

1 .70 

6,0 

0.1880 

5.25 

3.98 

4.23 

3.975 

3.975 

1,625 

1 .70 

7.0 

0.2271 

3.50 

4.00 

4.25 

4.000 

4.000 

1.752 

1.70 

8.0 

0.2693 

3.75 

4.04 

4.30 

4.05 

4.050 

1 .873 

1.65 

11 .0 

0.3599 

4.00 

4.10 

4.30 

4.10 

4.080 

1.995 

1 .65 

11.5 

0.4566 

4.25 

4.15 

4.35 

4.15 

4.156 

2.119 

1.65 

13.0 

- 

4.50 

4.20 

4.40 

4.20 

4.18 

2.243 

1.65 

14.0 

0.6685 

4.75 

4.35 

4.51 

4.35 

4.34 

2.356 

1.65 

14.5 

1.0135 

5.00 

4.49 

4.63 

4.50 

4.50 

2.4749 

1.70 

14.0 

1 .3753 

5.25 

4.71 

4.91 

4.75 

4.74 

2.5929 

1.75 

13.5 

2.0093 

5.50 

5.52 

5.65 

5.50 

5.50 

2.710 

1.80 

12.8 

3.9979 

5.75 

6.25 

6.65 

6.40 

6.41 

2.8398 

1 .85 

12.0 

6.4954 

6.00 

7.25 

6.95 

7.00 

7.01 

2,9722 

2.00 


3.2390 
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TABIE 

- 7. 


- 



X 

= log B 

+ 2.611 log 





Bi = - 

3.140X10"'^ M 

(100 ppm. 

412(30^)^) 



Bg = - 

4.71X10“'^ M 

(150 ppmrf 

412(50^)3) 



1 

ii 

6. 28 1X1 0“"^ M 

(200 ppm. 

412(30^)3) 



= - 

7.852X10"^^ 11 

(250 ppm. 

4l2(S0_J^) 



= - 

7.422X10"^ M 

(300 ppm. 

412(30^^)3) 

n 

i ""1 
♦ 

i "^2 

f 

! 

i 

t J 

» 

t 

j X, 

} 5 

i - - - , ... 

0.25 

6.8849 

6.83905 

6 .80745 

6.79985 

6.8139 

0.50 

6.9371 

6.86515 

6 .87270 

6 .8781 5 

6 .8922 

0.75 

6.9632 

6.91735 

6.91170 

6.91469 

6.9705 

1 .00 

7.0415 

7 .00870 

7.04235 

6 .99560 

7.0?27 ^ 

1.25 

7.1459 

7.10005 

7.06845 

7 .08250 

7.1532 

1.30 

7.2110 

7.16530 

7.1337 

7.1522 

7.1923 

1.50 

7.2764 

7.23055 

7.25898 

7.2566 

7.2837 

1.75 

7.4330 

7.4524 

7 .4263 

7.40015 

7.4142 

2.00 

7.6679 

7.6220 

7.6035 

7.661,5 

. 7.6752 

2.25 

8.012 

8.0527 

7.9689 

8.0045 

8.0145 

2.50 

8.8729 

.8.9140 

8.9346 

8.8748 

8.84970 
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APiENDL II 

‘1‘able lA Results oc protein (Bovine rjerun albumin) 

titration 

Ionic Strength - 0,01 (0.01 ilKl) 

Bovine serum albumine cone, — 100 mg uer liure 
Total, volume - 200 ml 

pH(^.)-pH of protein solution 
of bla.ik 


ml HCl pH(p) pH(3) ml ECl pii(n) pH(B) ml HCl pll(p) pE(BJ 

0.0 6.25 6.015 2.5 2.900 2.885 6.1 2.540 

0.1 4.37 5.220 2.4 2.830 2.075 6.3 2.430 

0.2 4.03 3.900 2.5 2,865 2.855 6.5 2.420 

0.3 5.37 3.770 2.6 2.850 2.840 6.7 2.405 

0. 1 5.77 3.635 2.7 2.835 2.825 6.9 2.390 

0.5 3.64 3.540 2.8 2,815 2.805 7.1 2.575 

0.6 3.535 3.430 2.9 2.795 2.790 7.3 2.360 

0.7 3.450 3.360 3.0 2,. 785 2.785 7.5 2.350 

0.8 3.390 3.300 3.1 2.760 — 7.7 2,340 

0,9 3.330 3.280 3.3 2.730 — 7.9 2.355 

1.0 3.290 3.240 3.5 2.710 — 8.1 2.320 

1.1 3.260 3.200 3.7 2.635 — 9.0 2.310 

*• 

3.210 3.180 3.9 2.655 — 9.1 2.260 


1.2 
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Table lA (contd.) 


nl HCl 

pH(p) 

pH(B) 

ml HCl 

pH(p) 

pH(J) 

ul xiCl 

, pxl(p) pH (3) 

1.3 

3.165 

3.150 

4.0 

— 

2, 66^ 

10.0 

2.220 

1.4 

3.130 

3.080 

4.1 

2.630 

— 

10.1 

2.215 

1.5 

3.105 

3.000 

4.3 

2.610 

— 

11.0 

— 

1.6 

3.075 

3.000 

4.5 

2.595 


11.1 

2.175 

1.7 

3.050 

2.970 

4.7 

2.570 

— 

12.1 

2.130 

1.8 

3.020 

2.990 

4.9 

2.555 

— 

13.1 

2.100 

1.9 

3.000 

2.990 

5.1 

2.530 

— 

14.1 

2.070 

2.0 

2.970 

2.960 

5.3 

2.515 

— 

15.1 

2.055 

2.1 

2.950 

2.940 

5.5 

2.500 

— 

16.1 

2.010 

2.2 

2,920 

2.910 

5.7 

2.480 


15.6 

2.00U 




5.9 

2.460 
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Table 13 


pH(p) 

Id^GH^ 

loiCIi2 

1o3[0H^-CH2 

4.37 

-4.220 

-4.370 

-4.7540 

4.03 

-3.900 

-4. 003 

-4.5007 

3.07 

-3.770 

-3.370 

-4.4572 

3.77 

-3.635 

-3.770 

-4. 2083 

3.64 

-3.540 

-3.640 

-4.2269 

3.535 

-3.430 

-3.535 

-4.0900 

3.450 

-3.350 

-3.450 

-4.0878 

3.390 

-3.300 

-3.390 

-4.0232 

3.330 

-3.280 

-3.330 

-4.2434 

3.290 

-3.240 

-3.290 

-^.2041 

3.260 

-3.200 

-3.260 

-4.0880 

3.210 

-5.180 

-3.210 

-4.3556 

3.165 

-3.150 

-3.165 

-4.6192 

3.130 

-3.080 

-3.130 

-4.0438 

3.105 

-3.00 

-3.105 

-3.6680 

3.075 

-2.97 

-3.075 

-3.6372 

3.020 

-2.99 

-3.020 

-4. 1675 

3.000 

-2. 990 

-3.000 

-A. 6383 

2.970 

-2.960 

■^.970 

-4.6198 
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Table 3 Al(III)-Protein (Bovine seriua albuLiin) 

Interaction 

Ionic Sbrength - 0,01 [O.Ol il ECl] 

Aluminium cone.- 9xl0’'%l [Aluniniuii Sulphate] 

Bovine serum albumin cone. - 100 mj per litre 

Total voliine - 200 ml 

pH(p)-pH of protein + aluminium 
solution 

pH(B)-pH of only aluminium solution 


ml NaOIi 

0.1 M 

pH(p) 

pH(B) 

ml FaOH 

u.l M 

pH^p) 

pn(B) 

ml ITaOH pH{p) pH{B) 
0.1 M 

0.0 

5.77 

4.25 

2.4 

4.290 

4.30 

4.7 

4,560 

4.830 

0.1 

3.35 

4.295 

2.5 

4.300 

4.30 

4.8 

4.590 

4.950 

0*2 . 

3.92 

4.300 

2.6 

4.510 

4.30 

4.7 

4.620 

5.120 

0.3 

4.02 

4.300 

2.7 

4.520 

4.31 

5.0 

4.650 

5.280 

0.4 

4.09 

4.290 

2.8 

4.330 

4.320 

5.1 

4.710 

5.675 

0.5 

4.12 

4.990 

2.9 

4.350 

4.335 

5.2 

4.780 

6.095 

0.6 

4.16 

4.230 

3.0 

4.34 

4.350 

5.3 

4.830 

6,350 

0.7 

4.20 

4.280 

3.1 

4.35 

4.365 

5.4 

4.190 

6,635 

O.S 

4.23 

4.275 

3.2 

4.555 

4.375 

5.5 

5.115 

6.375 

0.9 

4.24 

4.270 

5.3 

4.36 

4.390 

5.6 

5.435 

7.275 

0 

4,235 

4. 270 

3.4 

4*56 

4.405 

5.7 

5.630 

7.515 

1.1 

4.270 

4.270 

3,5 

4.37 

4‘.425 

5.8 

5.905 

7.750 

1.2 

4,270 

4.270 

3.^ 

4.385 

4.440 

5.9 

6.175 

7^980 
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Table 3 (Contd. ) 


ml NaOH 

0.1 li 

pH(p) 

pH(B) 

ml UaOH 

0.1 M 

pH(p) 

pH(B) ml ITaOH 
0.1 w 

pH(p) 

pH(B) 

1.5 

4.275 

4.270 

3.7 

4.40 

4.455 

6.0 

6.550 

8.145 

1.4 

4.230 

4.270 

3.8 

4.415 

4. -^75 

6.1 

0.750 

0.270 

1.5 

4.255 

4.270 

3.9 

4.420 

4.495 

6.2 

6.5^0 

0.445 

1.6 

4.265 

4.275 

4.0 

4.440 

4.515 

5.3 

7.370 

3.520 

1.7 

4.260 

4.280 

4.1 

4.450 

4.550 

6,4 

7.530 

3.600 

1.8 

4.282 

4.280 

4.2 

4.460 

4.600 

6.5 

7.620 

3.650 

1.9 

4.280 

4.230 

4.3 

4.430 

4.620 

6.6 

7.320 

0.700 

2.0 

4.280 

4.280 

4.4 

4.495 

4.665 

6.7 

3.02 

8.755 

2.1 

4.230 

4.205 

4.5 

4.510 

4.705 

6.8 

— 

8.800 

2.2 

4.280 

4.2SO 

4.6 

4.540 

4.765 

6.9 

— 

8.830 

2.3 

4.290 

4.295 




7.0 

— 

8.360 
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Table 4 - ■A.l(III)-.Pi*o'teia(casein) Iji'fcerao cion 

Ionic Strength - 0.01 (O.Ol xx xv'Ji) 

Aluiainium cone,— 9xlO"*^M[Aluuiinium Sulphate j 
Casein Cone. - 160 mg per litre 

Total volme - 200 ml 

pH(p)-pH of (protein + almainium) 
solution 

pH(B)-pH of aluminium solution 


ml laOH pH(p) 
_ O.IM 

pH(B) 

ml NaOH pH(p) 
0.1 M 

pH(.:) 

ml 17=1 OL nn(p) 
0.1 / 

piKB) 

0.0 

3.88 

4.250 

2.4 

4.290 

4.320 

4.5 

4.590 

4.670 

0.1 

3.93 

4.285 

2.5 

4.305 

4.325 

4. 6 

4.620 

4.72c 

0.2 

3.98 

4.310 

2.6 

4.305 

4.335 

4.7 

4. 660 

4.775 

0.3 

4.035 

4.350 

2.7 

4.310 

4.400 

4.8 

4.725 

4.835 

0.4 

4.080 

4.310 

2.8 

4.320 

4.350 

4.9 

4.315 

4.980 

0.5 

4.145 

4.310 

'2,9 

4.335 

4.360 

5.0 

4.850 

5.100 

m 

o 

4.150 

4.310 

3.0 

4.340 

4.365 

5.1 

4. 335 

5.530 

0.7 

4.155 

4.310 

3.1 

4.340 

4.370 

5.2 

5.000 

5.395 

0.8 

4.200 

4.300 

3.2 

4.350 

4.385 

5.3 

5.150 

6 ..270 

0.9 

4.210 

4.300 

3.3 

4.365 

4.390 

5.4 

5.430 

6.540 

1.0 

4.230 

4.300 

3.4 

4.375 

4.410 

5.5 

5.740. 

6.850 

1.1 

4.240 

4.500 

3^5 

4.385 

4.420 

5.6 

6.020 

, 7.230 

1.2 

4.255 

4.500 

3.6 

4.400 

4.425 

5.7 

5.^0 

7.455 



i 06 


Table 4 (contd. ) 


ml HaOH 

0.1 

pH(p) 

pH(B) 

ml NaOH 
-0.,1-A. 

pH(p) 

-pH(B) 

ml 3faOH t>H(p) 

^ _ Q_.l ^ i 

pH(B) 

1.5 

4.260 

4.300 

3.7 

4.415 

A. 445 

5.8 

6, 660 

7.665 

1.4 

4.270 

4.300 

3.8 

4.425 

4.460 

5.9 

6.555 

7.845 

1.5 

4.270 

4.300 

3.9 

4.450 

4.435 

6.0 

7. 385 

7.925 

1.6 

4.270 

4.300 

4.0 

4. 475 

4.510 

6.1 

7.570 

8.050 

1.7 

4.270 

4 . 300 

4.1 

4. 495 

4.525 

6.2 

7. no 

8.175 

1.-" 

4.270 

4.300 

4.2 

4.505 

4.560 

6.3 

7.905 

8.270 

1.9 

4.270 

4.300 

4.3 

4. 535 

4.590 

6,4 

6.070 

8.370 

2.0 

4.270 

4.300 

4. 4 

4.560 

4.630 

6.5 

8.280 

8.450 

2.1 

4.275 

4.310 


— 

— 

6, 6 

8.365 

8.500 

2.2 

4.280 

4.315 

— 

— 

— 

6.7 

3.475 

8.550 

2.3 

4. 285 

4,320 


— 

— 

6.8 

8.600 

8.600 

— 

— 

— 


— 


6.9 

8.690 

8.670 

— 






7.0 

— — 

3.700 



